FINAL REPORT

Factors Affecting Cis-Dichloroethene and Vinyl Chloride Biological
Transformation Under Anaerobic Conditions

SERDP Project ER-1169

MAY 2006

Alfred M. Spormann
Stanford University

This document has been approved for public release.

Strategic Environmental Research and
Development Program




Form Approved

Report Documentation Page OMB No. 0704-0188

Public reporting burden for the collection of information is estimated to average 1 hour per response, including the time for reviewing instructions, searching existing data sources, gathering and
maintaining the data needed, and completing and reviewing the collection of information Send comments regarding this burden estimate or any other aspect of this collection of information,
including suggestions for reducing this burden, to Washington Headquarters Services, Directorate for Information Operations and Reports, 1215 Jefferson Davis Highway, Suite 1204, Arlington
VA 22202-4302 Respondents should be aware that notwithstanding any other provision of law, no person shall be subject to a penalty for failing to comply with a collection of information if it
does not display acurrently valid OMB control number

1. REPORT DATE 3. DATES COVERED
MAY 2006 2. REPORT TYPE 00-00-2006 to 00-00-2006
4. TITLE AND SUBTITLE 5a. CONTRACT NUMBER

Factors Affecting Cis-Dichlor oethene and Vinyl Chloride Biological
Transformation Under Anaerobic Conditions

5b. GRANT NUMBER

5c. PROGRAM ELEMENT NUMBER

6. AUTHOR(S) 5d. PROJECT NUMBER

5e. TASK NUMBER

5f. WORK UNIT NUMBER

7. PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES) 8. PERFORMING ORGANIZATION
Stanford University,Departments of Civil & Environmental Engineering, | REPORTNUMBER

of Biological Sciences, and of ,Geological and Environmental
Sciences,Stanford,CA,94305-5429

9. SPONSORING/MONITORING AGENCY NAME(S) AND ADDRESS(ES) 10. SPONSOR/MONITOR’'S ACRONYM(S)
11. SPONSOR/MONITOR’ S REPORT
NUMBER(S)

12. DISTRIBUTION/AVAILABILITY STATEMENT

Approved for public release; distribution unlimited

13. SUPPLEMENTARY NOTES

14. ABSTRACT

15. SUBJECT TERMS

16. SECURITY CLASSIFICATION OF: 17. LIMITATION OF 18. NUMBER 19a. NAME OF

ABSTRACT OF PAGES RESPONSIBLE PERSON
a REPORT b ABSTRACT c THISPAGE Same as 90
unclassified unclassified unclassified Report (SAR)

Standard Form 298 (Rev. 8-98)
Prescribed by ANSI Std Z39-18



This report was prepared under contract to the Department of Defense Strategic
Environmental Research and Development Program (SERDP). The publication of this
report does not indicate endorsement by the Department of Defense, nor should the
contents be construed as reflecting the official policy or position of the Department of
Defense. Reference herein to any specific commercial product, process, or service by
trade name, trademark, manufacturer, or otherwise, does not necessarily constitute or
imply its endorsement, recommendation, or favoring by the Department of Defense.



FINAL REPORT

ER-1169
Factors affecting cis-dichloroethene and vinyl chloride biological
transformation under anaerobic conditions

Alfred M. Spormann
Departments of Civil & Environmental Engineering, of Biological Sciences, and of
Geological and Environmental Sciences

Stanford University
Stanford, CA 94305-5429

Scope of this study

The chlorinated solvents, trichloroethene (TCE), tetrachloroethene (PCE), and carbon
tetrachloride (CT) have been widely used by industry, the Department of Defense, and
the Department of Energy as solvents for cleaning. Through leakage and poor disposal
practices, these solvents have become the most frequent groundwater contaminants
throughout the country, causing one of the most difficult and costly contamination
problems for remediation. The biological anaerobic reductive dehalogenation of
chlorinated aliphatic hydrocarbons (CAHs) such as PCE and TCE to cis-dichloroethene
(cDCE) and vinyl chloride (VC) in groundwater was reported in the early 1980s. Further
reduction of PCE and its intermediates to the harmless end product ethene was reported
in 1989. Several pure cultures of anaerobic bacteria have been found to reductively
dehalogenate PCE to cDCE. Rates of reduction of PCE and TCE to ¢cDCE are high and
the need for electron donor addition for the reactions is small.

However, the subsequent reduction of cDCE to VC, and then of VC to ethene is much
slower and only one pure culture, at the time of the beginning of this grant, has been
reported that is capable of reducing cDCE to VC or VC to ethene.

Therefore, overall objectives of this project have been:

* To develop a better understanding of the microorganisms, enzymes, and mechanisms
involved in anaerobic reduction of cDCE and VC, and to develop molecular probes
for monitoring these processes,

* To determine the kinetics involved in both processes,

* To evaluate potential chemical factors that may affect these processes, and

* To develop a field procedure for estimating the presence and rate of availability of
electron donors for reductive dehalogenation.

Major findings

Molecular analysis of the microorganisms and enzymes involved in anaerobic
reduction of cDCE and VC, and development of molecular probes

Reductive dehalogenation of vinyl chloride (VC) to ethene is the key step in complete
anaerobic degradation of chlorinated ethenes. VC reductive dehalogenase was partially
purified from a highly enriched culture of the VC-respiring Dehalococcoides sp. strain
VS. The enzyme reduced VC and all dichloroethene (DCE) isomers, but not



tetrachloroethene (PCE) or trichloroethene (TCE), with comparable high rates. Using
reversed genetics, the corresponding gene (vcrA) was isolated and characterized. Based
on the predicted amino acid sequence, VC reductase is a novel member of the family of
corrinoid/iron-sulfur cluster containing reductive dehalogenases. The vcrA gene was
found to be co-transcribed with verB, encoding for a small hydrophobic protein
presumably acting as membrane anchor for VC reductase, and vcrC, encoding for a
protein with similarity to transcriptional regulators of the NosR/Nirl family. The vcrAB
genes were subsequently found to be present and expressed in other cultures containing
VC-respiring Dehaloccoides organisms, and could be detected in water samples from a
field site contaminated with chlorinated ethenes. Therefore, the vcrA gene identified here
may be a useful molecular target for evaluating, predicting, and monitoring in situ
reductive VC dehalogenation, which was subsequently confirmed by our experiments as
well as the successful use of these molecular tools by GEOSYNTEC. The attached
reprint provides more detailed information.

Vinyl Chloride and cis-Dichloroethene Dechlorination Kinetics and Microorganism
Growth under Substrate Limiting Conditions

The reductive dechlorination of tetrachloroethene (PCE) and trichloroethene
(TCE) at contaminated sites often results in the accumulation of cis-1, 2-dichloroethene
(DCE) and vinyl chloride (VC), rather than the non-hazardous end product ethene. This
accumulation may be caused by the absence of appropriate microorganisms, insufficient
supply of donor substrate or reaction kinetic limitations. Here, we address the issue of
reaction kinetic limitations by investigating the effect of limiting substrate concentrations
(electron donor and acceptor) on DCE and VC dechlorination kinetics and
microorganism growth. For this, a model based on Monod kinetics, but also accounting
for competitive inhibition between DCE and VC and the effect of low electron donor and
acceptor (dual-substrate kinetics), was examined.

Model equations previously developed by us for DCE, VC and microorganism
growth were used in this study. This model was previously found to describe DCE and
VC dechlorination well with electron donor concentrations at non-limiting levels.
However, the model was not evaluated with experimental data for the common field
scenario of both electron acceptor and donor being rate limiting, nor were competitive
inhibition kinetics between DCE and VC fully investigated.

Competitive Inhibition. DCE and VC were each found to be competitive to the
utilization of the other. K, and K;, were determined to be 3.6 + 1.1 yuM and 7.8 + 1.5
uM, respectively, indicating that DCE (with a lower competitive inhibition value) has a
more inhibitory effect on VC dechlorination than vice versa. In comparing the
competitive inhibition model used here with the non-competitive inhibition model,
competitive inhibition kinetics resulted in a lower sum of squares (SOS) value in a least-
squares analyses, compared to non-competitive inhibition kinetics. For inhibition of VC
with DCE the SOS values were 3.7 and 16.1 for competitive and non-competitive
inhibition, respectively. Similarly, for inhibition of DCE with VC the SOS values were
3.0 and 15.2 for competitive and non-competitive inhibition, respectively. Thus, the
competitive inhibition model provided a much better fit of the data. Inverse plots were



also evaluated and show similar near intersections of regression lines on the y-axis, which
confirms competitive inhibition kinetics.

Hydrogen Half-Velocity Coefficient (Ky). An important indicator of a
microorganism’s ability to compete for hydrogen is the hydrogen half-velocity coefficient
(Ky), however, conflicting values have previously been reported for dechlorinating
microorganisms. Smatlak et al reported a relatively high value (100 + 50 nM), indicating
extremely slow growth under conditions of low electron donor. However, Ballagaprada et
al. concluded that K, was lower (9-21 nM), suggesting that dechlorinating
microorganisms compete better than previously thought when hydrogen is limiting. To
more accurately determine this key coefficient we investigated dechlorination at different
hydrogen and DCE concentrations. The models were fit to the experimental data from
both experiments using non-linear least squares analyses to determine the hydrogen half-
velocity coefficient, resulting in a value of 7 £ 2 nM. This Kj; value is similar to that
found by Ballagaprada et al. and is significantly lower than that found by Smatlak et al,
confirming that growth and dechlorination under lower hydrogen concentrations can be
significant.

Substrate Limitations for Growth At a field site near a source of PCE or TCE
contamination, the concentrations of DCE and VC are often very high such that
supplementation with or presence of an electron donor will result in positive growth of
dehalogenators and good dehalogenation, providing a seed DCE and VC dehalogenation
population is present. However, as the contaminated plume moves away from the source
and dehalogenation continues, PCE and TCE will disappear and the DCE plus VC
concentration will drop. Model simulations suggest that as the combined concentration
of DCE and VC then decreases below 100 ¢M, organism growth rate will decrease below
the maximum rate to an extent that depends upon the hydrogen concentration present at
that point. At some downgradient location in the plume then, the combined DCE, VC,
and hydrogen concentrations will decrease to a level where organism growth rate will
become negative. When that occurs, the dehalogenating population either cannot become
established, or if bioaugmented, it cannot be sustained.

For example, the model indicates that growth will become negative at a DCE + VC
concentration of 4 uM together with a hydrogen concentration of 4 nM (a typical concentration
found in the field). Regardless of how high the hydrogen concentration, when the DCE plus VC
concentration decreases below 0.7 pM, organism growth rate will be negative, and
dehalogenation will not be sustainable (dehalogenation past this threshold is observed in batch
experiments only because of a large added dechlorinating population, a scenario not typical at
field sites). It is significant that 0.7 uM VC represents a concentration of 44 pg/L, well above the
U.S. Environmental Protection Agency Maximum Contaminant Level for drinking water of 2
pg/L. Thus, while microbial reductive dehalogenation can have significant impact in reducing
the concentrations of chlorinated ethenes in an aquifer, kinetic limitations of the microorganisms
involved make it unlikely that concentrations can be reduced sufficiently to meet drinking water
standards. The extent to which the VC concentration can be reduced is dependent significantly
upon the hydrogen concentration that can be maintained. Thus, kinetic limitations need to be
understood when considering biological dehalogenation through natural attenuation or engineered
bioremediation at a field site. The simulation model presented and evaluated here should be a
useful tool in helping to assess both the rate and extent of microbial dehalogenation of PCE and



TCE and the chlorinated daughter products in a contaminated aquifer, as well as the important
boundary conditions that limit the extent of their removal.

Comparative Evaluation of Chloroethene Dechlorination to Ethene by Dehalococcoides-
like Microorganisms

Reductive dehalogenation of tetrachloroethene (PCE), trichloroethene (TCE), cis-1,2-
dichloroethene (DCE), and vinyl chloride (VC) was examined in four cultures containing
Dehalococcoides-like microorganisms. Dechlorination and growth kinetics were
compared using a Monod growth-rate model for multiple electron acceptor usage with
competition. Included were the Victoria mixed culture containing Dehalococcoides
species strain VS (from Victoria, TX), the mixed culture KB-1/VC (from Southern
Ontario), the Pinellas mixed culture (from Pinellas, FL) and Dehalococcoides
ethenogenes strain 195. All cultures, with the exception of D. ethenogenes strain 195
grew with VC as catabolic electron acceptor. A dilution method was developed that
allows a valid comparison to be made of dehalogenating kinetics between different mixed
cultures. Using this procedure maximum growth rates on VC were found to be similar for
strain VS and KB-1/VC (0.42 to 0.49 + 0.02 d'), but slower for the Pinellas culture (0.28
+ 0.01 d"). The 16S rDNA gene sequences were determined to ensure no cross
contamination between cultures had occurred. Following enrichment of the VC
dechlorinating microorganisms on VC, the cultures were amended with DCE, TCE or
PCE. The three mixed cultures failed to dechlorinate PCE or did so very slowly.
However, the dilution technique indicated all experienced growth on TCE and DCE, as
well as on VC. Maximum growth rates on DCE alone were quite similar (0.43 to 0.46 d°
"), while the Pinellas culture grew faster on TCE alone (0.49 d) than did the other two
mixed cultures (0.33 to 0.35 d'). Half velocity and inhibition constants for growth on
TCE were also determined for the three mixed cultures; both constants were found to be
essentially equal and the same for the different cultures, varying between only 8.6 and
10.5 uM. The ability of the strain VS, KB-1/VC and Pinellas cultures to utilize TCE
rapidly with conversion to ethene is quite different from that of any other reported
microorganism. It was separately confirmed with more traditional cell-counting
techniques that strain VS coupled TCE, as well as DCE and VC, utilization with growth.
This is the first report of an organism obtaining energy for growth through every step in
the reduction of TCE to ethene. Also, as suggested by the dilution technique, the
dehalogenating organisms in the KB-1/VC and Pinellas cultures appear to obtain growth
from TCE utilization as well. Such ability to grow while dehalogenating TCE to ethene
will be an important advantage for their use in bioaugmentation

Chemical factors affecting the rate of cDEC and VC transformation

Previous experiments have shown that growth and VC dehalogenation rates of fresh
culture can be enhanced by addition of a filter-sterilized supernatant from an actively
growing culture. The supernatant was originated from mixed culture growing in
bicarbonate buffer as the fresh one was grown in MOPS buffer which supports growth of
dehalogenators’ population. Attempts were made to characterize and quantify this
phenomenon.

Several concentrations of filter-sterilized supernatant as well as 50kDa and 10kDa ultra-
filtered supernatants were tested. Dehalogenation rates were measured and compared



with cultures that were grown either with supplemental reduced MOPS buffer or without
additional supernatant. The highest ethylene formation rate of about 20 wmols
ethylene/1*d (per bottle) was obtained in cultures supplemented with 20% supernatant,
roughly double than the rate achieved with 10% supernatant. Very low rate was typically
achieved when no supernatant was added. Similar rate of about 17 wmols ethylene/I*d
(per bottle) was found with cultures supplemented with the filtrate of 50kDa supernatant,
almost double than cultures with 50kDa retentate. However, no difference was observed
between cultures supplemented with 10kDa filtrate or 10kDa retentate. Surprisingly,
similar rate of about 17 umols ethylene/lI*d was found within cultures supplemented with
10% MOPS buffer instead of supernatant.

These results suggest that growth rate may be affected by several factors that exist in the
supernatant, some of them might be molecule(s) smaller than 50kDa. Those factors may
be produced by the dehalogenators or by other members in the consortium. However, it
seems that with adequate growth conditions and redox potential, growth rate will be at
the same order of magnitude as without supernatant presence

Major publications resulting from this research

Cupples AM, Spormann AM, McCarty PL 2003: Growth of a Dehalococcoides-like
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Environ Sci Technol. 2004, 38(4):1102-7.
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Miiller JA, Rosner BM, von Abendroth G., Meshulam-Simon G, McCarty PL, Spormann AM
2004: Molecular Identification of the Catabolic Vinyl Chloride Reductase from
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Patents
We have obtained a patent for the use of the molecular tools we developed,
entitled “Microbial Reductive Dehalogenation of Vinyl Chloride” and licensed
this to GEOSYNTEC CONSULTANTS



PROJECT 1
Growth of a Dehalococcoides-like microorganism on Vinyl Chloride and cis-
Dichloroethene as Electron Acceptors using Competitive PCR

Perfromer
ALISON M. CUPPLES', ALFRED M. SPORMANN'** AND PERRY L. McCARTY*!

Summary

A competitive PCR (cPCR) assay targeting 16S rDNA was developed to enumerate a
Dehalococcoides-like microorganism, bacterium VS, from a mixed culture derived from
Victoria, Texas. The specificity, sensitivity and accuracy of the assay were investigated. The
concentration of bacterium VS in the mixed culture, maintained in a continuously stirred tank
reactor (CSTR), was determined with cPCR and found to be relatively constant, at 1.2 = 0.4 X
107 copies/mL, over the ten-month analysis period. The constancy in CSTR cell concentration
provides confidence in both the consistency of the DNA extraction method and the assay itself.
Growth from the reductive dehalogenation of vinyl chloride (VC) and cis-1,2-dichloroethene
(cDCE) was demonstrated, suggesting unique metabolic capabilities. The growth yield was 3.9
+1.9x 10° copies/umol CI" (n=19) for either chlorinated ethene as the electron acceptor and

|
hydrogen as the electron donor (20 = 2°C). The maximum VC utilization rate (q ) ranged from
0.98-1.03 X 10" umol CI7/(copy.day), indicating a maximum growth rate of 0.38-0.4 d™'. These

|
Y and q values agree well with values found by others for dechlorinating cultures. In summary,

the cPCR assay enabled the investigation of kinetic parameters for one particular
Dehalocococcoides-like bacterium in a mixed culture and, more importantly, revealed the
distinctive capabilities of bacterium VS to obtain energy for growth from VC dehalogenation.

INTRODUCTION

The widespread use and disposal of tetrachloroethene (PCE) and trichloroethene (TCE)
has resulted in significant groundwater contamination (27). Remediation of such contaminated
sites is often required because of the toxic nature of these chlorinated ethenes. A potential
remediation strategy is the biological anaerobic reductive dechlorination of PCE and TCE to
ethene, whereby the chlorinated ethene serves as the electron acceptor and hydrogen as an
electron donor for the dehalogenating microorganism’s energy metabolism. However, complete
reduction to ethene is a problem due to the persistence of the reduction intermediates cis-1,2-
dichloroethene (¢cDCE) and vinyl chloride (VC). Therefore, removal of cDCE to ethene is often
the limiting process in utilizing reductive dechlorination as an approach for remediation.
Understanding factors affecting transformation of these lesser chlorinated ethenes is hence
critical for evaluating natural attenuation or for establishing engineering procedures for
chlorinated solvent remediation. The only pure culture isolated to date that can dechlorinate PCE
completely to ethene is Dehalococcoides ethenogenes strain 195 (18). This microorganism is
able to grow via reductive dehalogenation using PCE, TCE or cDCE as catabolic electron
acceptors, but dechlorination of VC is slow and possibly a cometabolic process. Due to this



limitation, investigating the final reduction of VC to ethene has become especially important,
particularly as VC is a known human carcinogen.

Previous research on an enriched anaerobic culture seeded with aquifer material from a
PCE-contaminated site in Victoria, TX, indicated a high transformation rate for VC and ¢cDCE,
with low rates of TCE and no PCE transformation (22). This research suggested that reductive
dehalogenation of VC and cDCE by this mixed culture was different from previously reported
reductive dehalogenations of PCE and TCE, with the high rates perhaps being symptomatic of
growth. Analysis of 16S rDNA from this contaminated site (GenBank accession numbers
AF388550, 11) and our culture (E. R. Hendrickson, personal communication) revealed the
presence of a Dehalococcoides like microorganism. We suggest naming this microorganism
bacterium Victoria Stanford (bacterium VS). Because of the difficulty associated with isolating
the microorganism responsible for these high transformation rates, a competitive PCR (cPCR)
assay was developed to quantify bacterium VS cell numbers during VC and ¢DCE reduction in
mixed culture.

Competitive PCR was chosen for these investigations due to the many merits reported by
others. The technique has been highly related to viable cell counts (16) and selective agar plate
counts (13), demonstrating good accuracy. Also, good reproducibility was found (19) with low
coefficients of variations between replicate samples (averaging 2.5%) (21). In addition, the
method has been applied to a range of environmental samples, including soil (3, 13, 14, 20),
estuarine sediments (20), rumen (21), skim milk (16) and microcosms (15).

Competitive PCR quantifies copy numbers of specific DNA templates, for example 16S
rDNA or functional genes (3, 13, 19, 20, 23). Potential inconsistency due to PCR is reduced by
coamplifying the target fragment with an internal standard (competitor DNA) (15, 21). The
competitor DNA acts or competes in a similar manner as the target DNA in the PCR reaction (7),
with the primers amplifying each with near equal efficiency. The technique involves PCR
reactions for a range of known competitor DNA concentrations with a fixed amount of sample
containing the target DNA. The amplified DNAs are then distinguished (and quantified) by
agarose gel electrophoresis due to their difference in size. As the PCR amplifies both the sample
template and the competitor DNA with the same efficiency, the ratios of the final amplification
products (target: competitor DNA) reflect the ratios between the initial amounts of the two
templates, allowing the amount of initial target DNA to be determined (7). We have developed a
competitive PCR assay to determine cell numbers of the Dehalococcoides-like microorganism,
bacterium VS, and applied the assay for the first documentation of growth of an organism
through reductive dehalogenation of vinyl chloride.



MATERIALS AND METHODS

Chemicals. Liquid cis-1,2-dichloroethene (Aldrich Chem. Co., Milwaukee, WI) and VC
(99+%, Scott Speciality Gases, Alltech Associates, Inc., Deerfield, IL) were used to prepare
stock solutions and analytical standards. In addition, ethene (99+%, Scott Speciality Gases,
Alltech Associates) was used as an analytical standard, benzoate (sodium salt, 99%, Aldrich
Chem. Co.) as a substrate and sodium sulfide (Aldrich Chem. Co.) as a reducing agent.

Culture and growth conditions. A dehalogenating source culture was maintained in a
closed continuously stirred tank reactor (CSTR) initially seeded with aquifer material from a
PCE-contaminated site in Victoria, Texas. The reactor was anaerobically maintained, as
indicated by a redox indicator (resazurin), at 20 (= 2) °C. A continuous anaerobic feed consisting
of 5.9 mg L™ NaS as a reductant, 1.7 mM sodium benzoate, 20 mg L' yeast extract, 0.5 mM
TCE and trace nutrients in a basal medium (26) containing was delivered by a syringe pump at
67 mL/d, resulting in a 57 day retention time. Every three days 200 mL was removed to bring the
reactor to liquid volume of 3.8 L. Complete dehalogenation of TCE to ethene occurred with all
chloroethenes in the reactor remaining below 1 uM. The CSTR culture was periodically
subjected to cPCR analysis.

Yield determination. Samples of CSTR culture were taken anaerobically from the
reactor and purged with a mixture of 80% N, and 20% CO; to displace ethene. Batch studies
were conducted in 120 mL bottles with dilutions of the CSTR culture (0, 0.5, 1, 3, 9 mL for
samples with VC added and 0, 1, 9 mL for samples with cDCE added). Sufficient anaerobic
media (as above without sodium benzoate or TCE) was added to bring the final volume to 60 mL
with the bottle gas space being filled with a gas mixture (10%H,, 10% CO,, 80% N,). Two
septum liners (TFE/silicone, part number 95302, Alltech Associates) were crimped on top of the
bottles, and allowed diffusion of hydrogen from an anaerobic glovebox (20 + 2°C) into the
bottles (with minimal diffusion of chloroethenes or ethene out of bottles) resulting in a
continuous hydrogen feed. Vinyl chloride (125uL of 99.5 % VC) was added using a gas tight
syringe and cDCE (60 pl of cDCE solution) was added using a Hamilton syringe and the bottles
were kept in the glovebox on a shaker. Abiotic controls with only media and chlorinated ethenes
were used to demonstrate the culture was required for dechlorination. Controls that contained
media and culture only, without chlorinated ethenes, were also included to illustrate that the
presence of cDCE or VC was required for growth. Competitive PCR was performed on the
original seed culture and within 1-2 days after dechlorination was complete.

Following complete dechlorination, three of the batch bottles were filled with a gas
mixture (10% Ha, 10% CO,, 80% N») and a 2 mL vial (containing the same gas mixture) with a
septum allowing the outward diffusion of hydrogen from the vial, was also added to each bottle.
The 2 mL vial was added to supply an extra source of hydrogen to the culture to promote
maximum dechlorination rates. In addition, more VC was added (day 40) and competitive PCR
was again performed within 1-2 days after dechlorination was complete.



VC growth curve. Two batch bottles were set up and maintained as described above
with 1 mL inoculum of a rapidly dechlorinating culture (grown with high electron donor and
acceptor) and media (59 mL). Vinyl chloride (99.5 %) was added with a gas tight syringe on day
0 (130 puL) and day 15 (250 uL). An abiotic control consisting of media (as above, 60 mL) and
VC (130 uL) only, and a no VC control containing culture (1 mL) and media (59 mL), were also
included. Competitive PCR was carried out on the inoculum (triplicate 1 mL culture samples),
and on both the sample cultures and no VC control on day 12, 15, 17, 18 and 19 (single ImL
culture samples).

|
Maximum VC utilization rate (q) and decay (b) determination. = Monod kinetics
(equation 1 and 2) were fitted, using non-linear least squares analysis (25), to the VC

|
dechlorination data to determine values for q and b.
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Where C is the solution concentration (uM) of VC, X is bacterium VS concentration (copy/L),

|
q is the maximum VC utilization rate (umol/ copy.d) and K is the VC half-velocity coefficient,
2.6 uM (10). In addition, Y is yield (copy/umol) and decay is represented by b (d™). Properties

|
of the non-linear least squares estimates of q and b were analyzed following the method of
Smith et al., (1998).

Decay (b) measurements. For a more direct measurement of the decay coefficient, a
batch study was set up to measure dechlorination rates in cultures lacking electron acceptor (no
growth conditions) for specified periods of time. Eight bottles were filled with 60 mL of mixed
culture and four abiotic controls consisted of media (60mL). At day 0, 8, 14 and 21 the gas space
of duplicate culture bottles and one control was filled with a gas mixture (10% H,, 10% COa,
80% N) and VC (70 pL of 99.5 %) was added to each with a gas tight syringe. Following VC
addition, VC removal and ethene formation were monitored. Hydrogen and VC levels remained
high (> 3% H; and [VC]>>K) throughout this time (1.25 days). Competitive PCR was carried
out on the culture samples at day 0 and at day 21.

Analytical methods. Analyses of ethene, vinyl chloride and cis-1,2-dichloroethene (250
uL of headspace) were performed with a temperature gradient (40 to 220°C) using a Hewlett-
Packard model 5890 Series II gas chromatograph equipped with a flame ionization detector
(Hewlett-Packard) and a GS-Q fused-silica capillary column (length, 30 m; inside diameter, 0.53
mm; J&W Scientific). Total mass values were determined with Henry’s law constants (8).

DNA isolation. Genomic DNA was extracted from 1 mL of culture samples using a
DNeasy® tissue system (Qiagen Inc, Valencia, CA), following the manufacture’s instructions
(final volume 200 uL). Replicate samples were taken from each culture to ensure consistency of



extraction. DNA was extracted (Qiagen Inc, Valencia, CA) from the CSTR culture periodically |
and subjected to cPCR to determine variations in culture concentration over time.

Amplification and cloning of D. ethenogenes 16S rRNA sequence. PCR was carried
out on DNA extracted from the culture with forward primer DeF and reverse primer DeR (Table
1). Amplification reactions were performed in a total volume of 20 uL with PTC-200 Peltier

TABLE 1. Primers used in this study

Primers Sequences (5' to 3') Targeta
DeR ACTTCGTCCCAATTACC 1406-1422, D. ethenogenes 16S rDNA
DeF GCAAT TAAGATAGTGGC 49-65, D. ethenogenes 16S rDNA
VicF TCACAGGGAAGAATAATGAC 402-422, D. ethenogenes 16S tDNA
CDeR ACTTCGTCCCAATTACCGTCTCGCTAGAAAATTTAAC  1406-1422 and 1067-1086, D. ethenogenes 16S rtDNA

Thermal Cycler (MJ Research). The reaction mixtures contained 0.5 uM of each primer
(Operon) 200 uM of each deoxynucleoside triphosphate (Qiagen Inc), 1.5 units of Tagqg
polymerase (Promega), PCR buffer (Tris-Cl, KCIl, (NH4),SO4, MgCl,) (Qiagen Inc) and Q
solution (Qiagen Inc), 1uL of extracted DNA from the culture. The following PCR program was
used: 95°C for 5 min; 95°C for 30 sec, 55°C for 30 sec and 72°C for 1 min (30 cycles); 72°C for
5 min. The PCR products were resolved by electrophoresis in 2% (wt/vol) agarose gel (Sigma) in
TBE buffer, stained in ethidium bromide solution (5 ug/mL) for 20 min, followed by destaining
in water for 40 min. The band, visualized upon UV excitation, was found to be of the appropriate
size with a 1-kb DNA ladder (Gibco). The remaining PCR product was purified from
contaminants (Qiagen Inc) and cloned into E. coli with a TOPO TA cloning® kit (Invitrogen
Corporation, Carlsbad, CA). Plasmids were extracted from the cloned cells using a QIAprep®
miniprep system (Qiagen Inc) and the insert was sequenced (PAN facility, Stanford, CA).

The resulting 16S rRNA gene sequences (1373 base pairs) obtained from the mixed
culture match (100%) a sequence previously submitted to GenBank (GenBank accession
AF388536, 11) and is similar to the sequence found at Victoria, TX, (GenBank accession
AF388550, 11). These two sequences, differing only in 2 base pairs, have been placed into the
Victoria sequence subgroup (11) and contain 14-16 base pair differences to Dehalococcoides
ethenogenes (GenBank accession numbers AF004928).

Construction of competitor and target standards. The competitor was constructed via
the approach of Celi et al. (1993) with primers VicF and CDeR (Table 1). The resulting amplicon
contained the same priming sites as the target with a deletion (318 base pairs) at the 3’ end. The
reverse primer CDeR contained a sequence from the 3’end (positions 1406-1422), followed by a
sequence from within the target (positions 1067-1086), allowing the amplification product to
contain a deletion of 318 base pairs. The forward primer, VicF, was used to make the competitor
and in all following competitive PCR analysis. The reverse primer for all competitive PCR
analysis was DeR. Amplification with VicF and DeR resulted in 703 and 1021 base pair bands
for the competitor and target, respectively.

The competitor was cloned into E. coli with a TOPO TA cloning® kit (Invitrogen
Corporation, Carlsbad, CA). Plasmids were extracted from the cloned cells using a QIAprep®



miniprep system (Qiagen Inc) and were PCR amplified with the primers VicF and DeR. The
PCR product was then extracted from agarose gel with a QIAquick® gel extraction kit (Qiagen
Inc), stored at —20°C and kept as a stock solution for competitive PCR reactions. Target DNA
was amplified from the dehalogenating culture DNA and similar to the competitor standard, the
PCR products were cloned, extracted from plasmids, PCR amplified, extracted from gel, and
stored at —20°C. Both stock solutions of competitor and target were quantified using a DyNA
Quant 200 fluorometer (Hoefer Pharmacia Biotech, San Francisco, CA) calibrated with calf
thymus and coumarin 311.

Primer design. The specificity of the selected primer set was examined with the
PROBE-MATCH program of the Ribosomal Database Project (RDP) (17) and BLAST in
GenBank (2). VicF and DeR were used for selective amplification of the 16S rDNA of bacterium
VS from samples. Maximum annealing temperature to optimally amplify the target was
empirically concluded to be 55°C (data not shown).

Competitive PCR. Amplification reactions were performed as described above with
primers VicF and DeR, 1uL of extracted DNA from the sample and 1uL of competitor DNA.
The PCR products were resolved in 2% (wt/vol) agarose gel (Sigma) in TBE buffer, stained in
ethidium bromide solution (5 ug/mL) for 20 min, followed by destaining in water for 40 min.
The bands were visualized by UV excitation, digital pictures were taken (Kodak DC290 zoom
digital camera) and images were analyzed
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RESULTS AND DISCUSSION

FIG. 1. cPCR on DNA extracted from three 1 mL samples of
culture. Extracted DNA was coamplified with serially diluted
competitor (2.9 X 10°, 1.4 X 10°, 0.7 X 10°, and 0.4 X 10°
copies/ul) and subject to gel electrophoresis. The first three
lanes represent PCR on the sample only, followed by the
competitor only, the blank, then cPCR on the three samples
(triplicate DNA samples) (A). The ratio of the intensities of the

Quantification of Dehalococcoides-
like bacterium VS. DNA was typically
extracted from three 1mL samples of culture

and competitive PCR was carried out on all
three samples. The coefficient of variation
(n = 15 assays) for a single measurement
was 13% and for triplicate samples was 7%,

target to the competitor for the triplicate samples (triangles,
circles and squares each representing one triplicate sample) are
plotted against the concentration of the competitor on a log scale

(B).



illustrating consistency in both DNA extraction and the competitive PCR assay itself. Figure 1
provides an example with three analyses, final copy number here was estimated at 2.6 + 0.1 X
10" copy/mL mixed culture.

Competitive PCR is dependent on the equal amplification efficiency of the target and
competitor sequences. The amplification efficiency was investigated for a range of PCR cycles
(25-30) by starting with equal copy numbers of target and competitor (both from stock
solutions), then determining the final ratio at cycle numbers 25, 26, 27, 28, 29 and 30. At all
cycles, with equal initial concentration of competitor and target, the competitor was amplified
more efficiently than the target (data not
shown). Preferential amplification of a 200
competitor or target can occur due to
different lengths or because of differential
denaturation (5). Competitive PCR was
carried out on a range of target copy
numbers to quantify and correct for the bias
in amplification efficiency between the
target and competitor. When the expected
copy number based on the concentration of
the cloned 16S rDNA gene was plotted 0 . . .
versus the copy number calculated by the 0 50 100 150 200
cPCR assay, the copy number was Actual coples (thowsands)
underestimated, but the relationship was
linear with a slope of 076 (Figure 2) FIG. 2. Quantification of copies of 16S rDNA gene. Numbers of
(standard error £ 0.037). This value was determined copies were determined via cPCR and compared to
utilized as a correction factor for all cPCR actual copy numbers (previously quantified using a fluorometer -

assays. Such correction factors have been see methods seption). The dgshed line represents a ratio of actual
. L. number of copies to determined number of copies 1:1.

successfully used in other competitive PCR

systems (6, 14).

To evaluate primer pair specificity, PCR (with primers VicF and DR) was carried out
with the mixed culture DNA, the PCR products were cloned and ten were randomly selected for
sequencing (PAN facility, Stanford, CA). Nine sequences illustrated 100% identity with the 16S
rDNA previously obtained from the culture, indicating that the primers are specific to the target
organism. The remaining sequence contained one base pair change, which was probably a result
of PCR error. These results indicate that the cPCR primers VicF and DR are selective for the 16S
rDNA of bacterium VS from the CSTR culture. It is important to note that these primers may not
be selective for DNA taken from other environments containing microorganisms not present in
the CSTR culture. Although the primers were checked for specificity against the current NCBI
database, microorganisms perhaps exist that may hybridize to these primers but are not yet
documented in the NCBI database. Notably, the primers may amplify other Dehalococcoides
strains. Therefore, before applying this assay to samples from different environments, amplicons
should be initially sequenced to ensure specificity, as was done here. The detection limit of the
assay using 30 cycles was determined to be 2000 copies, equivalent to 4 X 10° copy/mL of
mixed culture.

Competitive PCR was carried out with six either duplicate or triplicate 1 mL samples of
CSTR culture over ten months. The resulting concentrations of bacterium VS remained relatively
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constant over this time at 1.2 = 0.4 X 10’ copy/mL. The constancy in CSTR cell concentration
provides confidence in both the consistency of the DNA extraction method and the assay itself.

Growth of bacterium VS through reductive dehalogenation. D. ethenogenes strain
195 is the only ¢cDCE and VC dehalogenating pure culture isolated so far, however, it is difficult
to grow and maintain, and hence to study. The ability to enumerate ¢cDCE and VC
dehalogenating organisms in mixed culture with competitive PCR therefore provides an
opportunity to study the growth and kinetics of such microorganisms with greater ease and in the
natural environment of a mixed culture.
Growth curves
along with the corresponding
change in mass of VC and ethene
were obtained for duplicate
cultures (Figure 3). The lines in
Figure 3 represent numerical
simulations of data discussed later. 180 -
Mass balances ranged from 77-
99%, with loss being attributed to
VC leakage, as the abiotic control
also exhibited VC loss. For all " 10 20 0 - -
. . . 1] 10 20 kL
studies no dechlorination occurred Time (day)
in the abiotic controls and no

increase in copy numbers above
detection limits ( 4 X 1 05 FIG 3. Vinyl chloride (closed triangles) removal and ethene (open triangles)

; . formation (A and B) with the resulting increase in copy number (closed
copies/mL) was found in control cirles) (C and D, respectively) in duplicate samples. Additional vinyl chloride
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addition, but was greater than those predicted by a non-linear least squares fit to the model (equation 1 and
8 X 10° copies/mL in all
bottles containing VC or
cDCE. As expected from
growth via VC
dehalorespiration, a clear
correlation occurs between
increase in cell numbers and
VC dechlorination (Figure
3). This is the first
documentation, to our
knowledge, of growth of a ' ) - .-
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inoculum volume, hence the number of cells, in both VC (Figure 4) and cDCE (data not shown)
amended bottles, indicating growth occurred through reductive dehalogenation. The lines in
Figure 4 represent numerical simulations of data discussed later. Ethene mass balance indicated
some loss occurred over the course of the incubation. Mass balances ranged from 73-86% in VC
amended bottles. Initially, cDCE leakage was a major problem, however, further loss was
essentially eliminated when bottles were turned upside down (Day 6). When the cultures were
re-fed with VC (day 40) a faster dechlorination rate was observed compared to initial rates
(Figure 4), indicating the presence of more dechlorinating cells. Copy numbers were obtained
both after the initial VC and the additional VC were dechlorinated and on both occasions an
increase in cells was found (data not shown), again providing evidence of growth. Growth yields
were obtained from the increase in copy numbers and mass of ethene formed. Growth with either
VC or cDCE as electron acceptor and hydrogen as the electron donor occurred with an average
growth yield and standard deviation of 3.9 + 1.9 X 10® copies/umol CI', with a 95% confidence
interval of 0.9 X 10® copies/umol CI" (n = 19).

Dechlorination kinetics. Using the determined growth yield, experimental data (VC,
ethene and copy numbers, Figure 3) were fit to equation 1 and 2 with non-linear least squares
analysis, to obtain a maximum utilization coefficient (9.8 and 1.03 X 10™° umol VC/copy-day for
A/B and C/D) and decay coefficient (both 0.04 d™") for each culture. To apply this model (using
1.01 X 10" pmol VC/copy-day and 0.04 d) to the experimental data in Figure 4, the initial
inoculum was reduced to 1/10 of original to obtain the best fit. A possible explanation is the
original inoculum as determined via competitive PCR was too high. The CSTR (source of the
original inoculum) was maintained under low hydrogen levels resulting in an environment where
the growth rate is low and decay is probably important. As the competitive PCR does not
distinguish between live and dead cells (see below), dead cells may have artificially increased
the original inoculum concentration. In contrast, the inoculum for the VC growth curves was an
actively dechlorinating culture, growing under optimal conditions (high electron donor and
acceptor), therefore the cell
concentration determined via cPCR 1

and the resulting maximum utilization
and decay coefficients are considered Dav 0
accurate. g

To determine the relationship E_
between dechlorination activity and =
copy numbers and to more directly E Dav 8§
investigate decay, dechlorination = Dav 14
activity was monitored in cultures
lacking electron acceptor for specified Dav 21
periods of time. While there was a 1'5 é

decrease in dechlorination activity
over three weeks (Figure 5) there was Time (day)

no significant change in cell copy

numbers (3.4 + 0.4 X 10" and 3.7 + FIG. 5. Ethene formation following VC addition to duplicate cultures
0.4 X 10" copies/L at day 0 at day 21), et 4o e O edited by nomImear et
SuggGSting the assay is targeting dead squares fit to the model (equation 1 and 2) to determine b.

or unactive cells. Li and Drake (2001)



also encountered the problem of DNA from dead cells possibly being responsible for higher than
predicted bacterial numbers. These results suggest that copy number is not the best indicator of
live cells under conditions were the growth rate is low and decay is important.

Equations 1 and 2 were fit to the data using non-linear least squares analysis to give a
decay coefficient of 0.09 d'. The cell concentration from cPCR (3.4 + 0.4 X 10" copies/L) was
not used in the model, but was estimated (1.9 X 10'° copies/L) from the initial dechlorination rate
(19.9 pmol VC/L-day) and the maximum specific dechlorination rate found previously (1.01 X
10" umol VC/copy-day), as again, cPCR probably overestimated the number of active cells and
dechlorination rates appear to be a more accurate description of active cells. Although it is not
clear why the decay coefficient determined is higher than that obtained while the organisms were
activity growing (0.04 d), it demonstrates decay is an important for bacterium VS.

|
Yield and q values were converted to the more usual cell mass units assuming a

conversion factor of 1.6 X 10™* g cell/copy, based on estimates of 0.2 g cell dry weight/g cell
wet weight, cell diameter of 0.5 um (from electron micrograph of D. ethenogenes, 18) and one
16S rRNA gene copy/cell (from the D. ethenogenes sequence in GenBank). In addition, it was
assumed that bacterium VS cell shape was spherical based on microscopic observation of the
mixed and enriched culture containing bacterium VS and on literature describing

Dehalococcoides-like microorganisms as irregular coccoid bacteria (1, 18). The resulting Y and
| g

q values (in

cell mass TABLE 2. Comparison of growth yield and chloroethene utilization

unit S) are rate of dechlorinating cultures

comparable
to those VS Strain®
found for Dehalobacter Dehalospirillum  Dehalococcoides
other restrictus multivorans ethenogenes
Yield (g protein/mol CI’) 21 L4 4.8 38
Utilization rate 50 69 71-75
(nmol/min mg protein)
Holliger et al.,  Scholz-Muramatsu Maymo-Gatell et .
Reference 1998 etal., 1995 al., 1997 This study
Electron donor Hydrogen Hydrogen Hydrogen Hydrogen
PCE, TCE PCE, TCE PCE, TCE,cDCE  ¢DCE, VC

Electron acceptor

dechlorinating microorganisms (Table 2). It is of interest to note that the cell yield per mole of
chloride released for bacterium VS is similar to that of D. ethenogenes. A maximum growth rate

|
with VC (0.38-0.40 d') was calculated from the product of qand Y, and is similar to that

previously estimated by Haston (1999) for this culture (0.21-0.45 d™) from dechlorination curves
from a range of initial culture inoculums.

In previous studies (22), we found a strong correlation between increase in cell mass and
VC dechlorination rate of this mixed culture, suggesting that growth of microbes in this culture is
coupled to VC reduction. Here, we quantified growth of a Dehalococcoides-like microorganism,
which is likely to be the dechlorinating microorganism, under VC-reducing conditions. The
observed growth yield of 3.8 g protein/mol CI released is consistent with growth rates of other



organo-halide respiring cultures and strongly suggests that this microbe uses VC-reduction with
hydrogen as an electron donor as its catabolic reaction. Reductive dechlorination of VC is a

thermodynamically favorable process with hydrogen as the electron donor (_ G” = -149 kJ/mol
of VC) (22), it is therefore likely that VC reduction is coupled to electron transport
phosphorylation.

An important finding through the use of this assay was the ability of bacterium VS to
grow on vinyl chloride, in contrast to the cometabolic vinyl chloride dehalogenation exhibited by
D. ethenogenes strain 195 (18). It appears that the different cDCE and VC dehalogenating strains
with 16S rRNA similar to D. ethenogenes strain 195 have varying abilities for dechlorination and
growth: bacterium VS exhibits high rates of cDCE and VC dechlorination, with little TCE
dechlorination and no PCE dechlorination (22), whereas D. ethenogenes strain 195 dechlorinates
cDCE, TCE and PCE well but with slow, only cometabolic, VC dechlorination (18). Such
varying dechlorinating ability has been previously noted for another strain called CBDBI1 sharing
98.3% similarity with D. ethenogenes strain 195 (1). However, in this case, the presence of
chlorobenzene as an electron acceptor and hydrogen as the electron donor was essential for
growth (1).

Microorganisms with 16S rRNA similar to that of D. ethenogenes are frequently found at
contaminated sites and in mixed cultures undergoing complete dechlorination (11). Thus far,
different strains can grow on the more chlorinated ethenes (D. ethenogenes strain 195), the lesser
chlorinated ethenes (bacterium VS), or chlorobenzenes (1). We could therefore speculate that
there are many different strains of Dehalococcoides with the ability to grow on a variety of
different chlorinated compounds. The difficulty in isolating these microorganisms has hindered
researchers in understanding their distinctive characteristics. The ability to enumerate these
similar strains from mixed culture by cPCR should enable researchers to identify and quantify
these unique growth abilities better.
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PROJECT 2
Vinyl Chloride and cis-Dichloroethene Dechlorination Kinetics and
Microorganism Growth under Substrate Limiting Conditions

Performer
Alison M. cupples, Alfred M. Spormannn, and Perry L. McCarty

Summary

The reductive dechlorination of tetrachloroethene (PCE) and trichloroethene (TCE) at
contaminated sites often results in the accumulation of cis-1, 2-dichloroethene (DCE) and
vinyl chloride (VC), rather than the non-hazardous end product ethene. This
accumulation may be caused by the absence of appropriate microorganisms, insufficient
supply of donor substrate or reaction kinetic limitations. Here, we address the issue of
reaction kinetic limitations by investigating the effect of limiting substrate concentrations
(electron donor and acceptor) on DCE and VC dechlorination kinetics and
microorganism growth by bacterium VS. For this, a model based on Monod kinetics, but
also accounting for competition between electron acceptors for electrons from the donor
and the effect of low electron donor and acceptor (dual-substrate kinetics), was examined.
Competitive coefficients for VC (7.8 = 1.5 uM) and DCE (3.6 + 1.1 uM) were obtained
and included in the model. The half velocity coefficient for hydrogen, the electron donor,
was experimentally determined (7 + 2 nM) through investigating dechlorination over
different substrate concentrations. This complete model was then used, along with
experimental data, to determine substrate concentrations at which the dechlorinating
microorganisms would be in net decay. Notably, the model indicates net decay will result
if the total electron acceptor concentration (DCE plus VC) is below 0.7 uM, regardless of
electron donor levels. The ability to achieve sustainable bioremediation to acceptable
levels can be greatly influenced by this threshold level.

Introduction
Biological reductive dechlorination is a potential remediation strategy for sites
contaminated with the common groundwater pollutants, tetrachloroethene (PCE) and
trichloroethene (TCE). One limitation of this approach is the slow removal of the
reductive dechlorination intermediates cis-1, 2-dichloroethene (DCE) and vinyl chloride
(VC), the latter a known human carcinogen. In attempting to obtain complete site
remediation, it is therefore crucial to identify and understand the factors resulting in this
slow removal. Key factors affecting the degradation of these contaminants are the growth
characteristics of the dechlorinating microorganisms and their associated dechlorination
kinetics under typical field conditions. To address this, we investigated and subsequently
modeled DCE and VC dechlorination kinetics and microorganism growth under the
common field scenario of limiting electron acceptor (DCE and VC) and electron donor
(hydrogen).

A variety of dechlorination models exist, generally based upon Monod kinetics
(1-4). A model developed by Haston (/), consisting of a combination of these models,
was considered most suitable for our overall objective and culture characteristics. This
model was previously found to describe DCE and VC dechlorination well with electron



donor concentrations at non-limiting levels. However, the model was not evaluated with
experimental data for the common field scenario of both electron acceptor and donor
being rate limiting, nor was the competition between DCE and VC for electrons from the
donor fully investigated (/).

The model developed by Haston (/) has several benefits over other dechlorination
models. One advantage is the inclusion of competition between DCE and VC for
electrons, important because the dechlorinator under investigation (bacterium VS) uses
both VC and DCE as electron acceptors in energy metabolism (5, 6), and co-
contamination with them both is common. Another advantage is that the model also
predicts growth to be dependent on both VC and DCE concentrations in an additive
manner. To our knowledge, this is the first model to consider these important concepts
together. Tonnaer et al. (2) used competitive kinetics and additive growth for PCE and
TCE dechlorination, but not for DCE and VC dechlorination, as it was assumed that
different microorganisms reduced these compounds. Fennel and Gossett (3) indicated that
the same biomass was responsible for PCE, TCE and DCE dechlorination but that VC
dechlorination was cometabolic, so again competitive kinetics between DCE and VC
were not used. Similar to our mixed culture, Bagley (4) suggested that the same group of
microorganisms was responsible for DCE and VC dechlorination, however he only
considered competition to be important for VC dechlorination. Another benefit of the
model used in the current study is the inclusion of dual-substrate kinetics with a hydrogen
threshold (3), which enabled us to study the effect of both electron donor and acceptor
concentrations and, furthermore, determine the concentrations for which growth would be
limiting.

In the current study, DCE and VC competitive coefficients and the hydrogen half-
velocity coefficient were determined. The complete model was then used to evaluate
substrate concentrations that would be required for effective and continued DCE and VC
removal. This was further investigated experimentally. The model should be useful for
predicting dechlorination under substrate limiting conditions when the microorganisms
involved exhibit competitive kinetics between DCE and VC. With this approach the
limitations to chlorinated ethene remediation at contaminated sites under such conditions
can be evaluated.

Materials and Methods

Chemicals. Liquid cis-1,2-dichloroethene (97% Aldrich Chem. Co., Milwaukee,
WI), and gaseous VC (99.5%, Fluka, Switzerland) were used to prepare stock solutions
and analytical standards. In addition, ethene (1000 PPM and 100 PPM, Scott Speciality
Gases, Alltech Associates) and VC (1000 PPM and 10 PPM, Scott Speciality Gases,
Alltech Associates) were used as analytical standards, benzoate (sodium salt, 99%,
Aldrich Chem. Co.) as a substrate, and sodium sulfide (Aldrich Chem. Co.) as a reducing
agent.

Analytical Methods. Analyses of ethene, VC and DCE were performed with a
temperature program (40 to 220°C) using a Hewlett-Packard model 5890 Series II gas
chromatograph equipped with a flame ionization detector (Hewlett-Packard) and a GS-Q
fused-silica capillary column (length, 30 m; inside diameter, 0.53 mm; J&W Scientific).
A reduction gas analyzer (Trace Analytical, Inc., Menlo Park, CA) was used to measure



hydrogen. Solution concentrations and total mass were calculated using Henry’s Law
Constants (7).

Culture. A dehalogenating source culture, initially seeded with a culture derived
from aquifer material from a PCE-contaminated site in Victoria, Texas, was maintained
in a closed continuously stirred tank reactor (CSTR). The reactor was anaerobically
maintained, as previously described (5) and was either used with no dilution, or provided
the seed for batch studies. Based on extensive 16S rDNA analyses made over several
years, the culture has contained only a single Dehalococcoides s strain called bacterium
VS (5). Previous research indicated that bacterium VS can use both DCE and VC as
electron acceptors for growth (5,6).

Competition for electrons. Two experiments were conducted to investigate
competition between DCE and VC for electrons from the donor. To ascertain the effect of
DCE on VC dechlorination, batch bottles (120 mL) were filled with 40 mL of anaerobic
media (as previously described without sodium benzoate or TCE, 5) in an anaerobic
chamber (10%H;, 10% CO,, 80% N). The gas phase of the batch bottles were filled with
the anaerobic chamber atmosphere so that hydrogen (10%) could serve as the electron
donor. Each bottle was inoculated with 20 mL of a rapidly dechlorinating culture grown
from a small inoculum (1 mL CSTR culture) under optimal conditions (>3% H,, and >40
uM VC).Gaseous VC (99.5 %) was added with a gas tight syringe (9 to 79 pL) to two
sets of batch bottles to provide each set with a range of initial VC concentrations. To
investigate the effect of DCE on VC dechlorination an aqueous solution of DCE was
added by syringe (20 pL) to one set of batch bottles.

To ascertain the influence of VC on DCE dechlorination, the above cultures
(following completion of the above experiment) were purged (20% CO,, 80% N) to
displace ethenes and mixed together in an anaerobic chamber where they were
redistributed to clean batch bottles. An aqueous solution of DCE was added by syringe
(3.4 to 30.5 pL) to two sets of batch bottles to provide each set with a range of initial
DCE concentrations. To investigate the effect of VC on DCE dechlorination gaseous VC
(99.5 %) was added (115 pL) to one set of batch bottles.

In both experiments, hydrogen was non-limiting (> 3%) and dechlorination rates
(formation of dechlorination product) were measured over 8 hours. Each dechlorination
rate was determined using a regressions line (r* > 0.98) through three data points. In all
experiments, an abiotic control with media, VC, and DCE was included to demonstrate
the culture was required for dechlorination. All bottles were sealed with a butyl rubber
stopper and aluminum seal (Bellco Glass, Inc., Vineland, NJ). For each study, following
the addition of the chlorinated ethenes, the cultures were moved to a shaker (60-80 RPM)
where they remained throughout the experiment (20 + 2°C). In all batch studies,
headspace samples were periodically removed (250 puL) for chlorinated ethene and
hydrogen analyses.

The Effect of Hydrogen on Dechlorination. The influence of the concentration
of hydrogen, the electron donor, was investigated for both VC dechlorination and DCE
dechlorination. These studies were conducted in bottles (120 mL) with 60 mL (DCE
batch study) or 30 mL (VC batch study) of the CSTR culture taken anaerobically from
the reactor. The cultures were then purged (80% N, 20% CO,) to displace ethene.
Different hydrogen feed rates and thus, concentrations, were obtained by adding 1 to 4
small vials (2 mL) (Part number 98380, Alltech Associates), each containing a gas



mixture (10% CO,, 10% Ha, 80% N») to the bottles. Hydrogen diffused through the vial
septum (TFE/Butyl liners, Part number 98380, Alltech Associates) to provide a
continuous hydrogen supply to the culture. When needed, an aqueous solution of DCE
(70 pL) was added by syringe and gaseous vinyl chloride (99.5 %) was added with a gas
tight syringe (55 pL).

Hydrogen Half-Velocity Coefficient (Kg). Dechlorination over a range of
electron donor and acceptor concentrations was investigated to determine Ky. Experiment
1 contained five different, duplicated treatments, consisting of two concentrations of
DCE and three of hydrogen. DCE was added in an aqueous solution by syringe (7.6 or 34
pL) and different hydrogen levels were obtained by adding different vial numbers (as
above) to the cultures. Experiment 2 consisted of six different, duplicated, treatments
with three different concentrations of DCE and two concentrations of hydrogen. DCE
was added in an aqueous solution by syringe (3.8, 7.6 or 30 uL) and different hydrogen
levels were obtained as above.

The initial active dechlorinating cell concentrations for these experiments were
determined by subjecting duplicate cultures to non-limiting substrate levels, and
measuring the rate of product formation. From these data, the active cell concentration
was obtained by dividing the product formation rate (umol L d™') by the maximum
utilization coefficient (umol cell’ d™) (§) previously determined for bacterium VS ( 5).

The mean determined cell concentration was then the starting cell concentration for use
in the model to estimate Ky.

Dechlorinating Biomass. To confirm the model’s prediction of dechlorinating
biomass, the active cell concentration of bacterium VS was experimentally determined at
the end of the above two experiments (day 8 for experiment 1 or day 8 or 14 for
experiment 2). At this time, the cultures were purged (20% CO,, 80% N,), and then
supplied with non-limiting concentrations of electron donor and acceptor. Initial product
formation rates were determined, and from this active cell concentrations were calculated
as above. Resulting cell concentrations where then compared to cell concentrations
predicted by the model.



Dechlorination Model. The model equations for DCE, VC and microorganism growth
used in this study are, respectively;

(
dDCE | qXDCE | (H-H*) ) @
dt DCE +K (1+V—C)J (H'H*)+KH
KIV
(. Vo Y
_ﬂzll gxvc || qXDCE II (H-H*) )
dt | VC+KV(1+DCE)J DCE+K( )J} (H-HH+K,
(
® Z_XZM | - DCEy > VC l H(}II{*Hi)K )_bX
‘ LVC+KV(1+ ) DCE+K (1+—)J( ) ) "
KID I<IV
3)

Where ¢ is the maximum utilization coefficient (umol cell ' d ™), X is the concentration
(cell L) of bacterium VS (therefore, G X is the maximum utilization rate on a liquid
basis, pmol L™ d™), b is the decay rate (d), w is the maximum growth rate (d™"). Ky and
Kp are the half-velocity coefficients for VC and DCE (uM), values for which were
determined previously for bacterium VS (10) as listed in Table 1.

TABLE 1. Growth, decay and substrate utilization kinetic coefficients for the reductive
dechlorination of DCE and VC by bacterium VS. 95% confidence intervals for some
coefficients are also displayed.

Coefficients Units DCE VC Reference

Half-velocity (Kp,Ky) uM 33+£22 26+19 (10)
Max. utilization * umol Cl'(L-d)" 143+1.6 10.8 £ 1.1 Fig 1
Bacterium VS

concentration (q X)

Competition (Kip, Kiy) uM 3.6+1.1 7.8+1.5 Fig 1
Max. utilization (§ ) umol CI'(cell-d)" 78X 10" 78X 10"  (5)

Max. growth rate (W) d! 0.4 0.4 (5)
Decay rate (b) d’ 0.09 0.09 5)

H, half-velocity (Kg) nM T+2 T+2 Fig 4
Initial Bacterium VS cell L 5X10° 5X10° Fig 4A-E
concentration (X) 6 X 10° 6 X 10° Fig 4F-G

For competition between DCE and VC for electrons from the electron donor, the model
was formulated similar to that for enzyme competitive inhibition, although it is



recognized here that competition for electrons from the electron donor is mechanistically
different from that of competition for a given enzyme. How well this model fits the case
in point was investigated. Kjp and K;y are the competitive coefficients for DCE and VC
(uM) and Ky is the hydrogen half-velocity coefficient (nM) (5, 10, Table 1). DCE and
VC are the solution concentrations of VC and DCE (uM) and H is the solution hydrogen
concentration (nM) Mass additions of DCE and VC and hydrogen head space
concentrations were converted to solution concentrations through knowledge of head
space and liquid volumes and use of dimensionless Henry’s coefficients, as previously
discussed (5). H* is the hydrogen threshold concentration for dehalogenation (nM).
Several researchers have reported H* values: Fennel and Gossett (3) suggested it was at
least as low as 1.5 nM; Yang and McCarty (//) observed a threshold of 2.2 + 0.9 nM;
and Smatlak et al. (/2) indicated a value of less than 2 nM. Based on the lowest
hydrogen concentration measured during dechlorination in the current study we set H*
equal to 0.9 nM. Hydrogen concentration was measured every 1-4 days and not for every
time step (0.5 day) used in the model.. Hydrogen concentrations for use in the model at
intermediate time steps were taken to be an average of values measured before and after
that time step.

Modeling Approach. Kinetic coefficients were determined using non-linear least
squares analysis with an excel spreadsheet method previously developed for the
evaluation of biochemical reaction rate coefficients (9). The method allows calculation of
95% confidence intervals for the determined coefficients. Using this approach, the VC
and DCE dechlorination data (without competitor present) from the competitive for
electrons experiments were fit to Monod kinetics (equation 1 and/or 2 without
competitive kinetics or dual-substrate kinetics) to determine the maximum utilization
coefficient on a liquid volume basis (q X) for each. Then, (using the appropriate X

value), the competitive model (equation 1 and/or 2 without dual-substrate kinetics) was
fit to the experimental data for VC and DCE with the competitive acceptor present to
obtain the appropriate competitive coefficients (Kyy and Kjp) along with their 95%
confidence intervals. Therefore, for each experiment the non-linear least squares analysis
contained only one unknown (either § X or Ky) reducing the uncertainty associated with

the results. Growth (equation 3) was not included in these calculations as the experiments
lasted less than 8 hours during which little growth would have occurred.

Using these competitive coefficients, the hydrogen half-velocity (Ky) coefficient
was then determined by fitting the entire model (equations 1, 2 and 3) to the
dechlorination data over a range of electron acceptor and donor concentrations. The
initial bacterium VS cell concentration (X) for this modeling phase was determined from
dechlorination activity assays (as described above).

Results and Discussion

Evaluation of Competitive Kinetics. Research with our culture indicated that
DCE and VC were dechlorinated at similar rates (/3), and that growth of bacterium VS
occurred with either of these compounds (5). Additionally, a partially purified VC-
reductase from a culture, highly enriched (>99%) with bacterium VS, reduced DCE and
VC at similar rates (6).
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FIGURE 1. (A) VC dechlorination over a range of initial VC concentrations, with DCE (24 _M) (solid triangles),
and without (solid diamonds). (B) DCE dechlorination over a range of initial DCE concentrations with VC (30
_M) (open triangles), and without (open diamonds). For each experiment, the lighter and the heavier lines (A and
B) represent the best fit of the model (equations 1 and 2) to determine the maximum utilization coefficient (_mol
CI' (L- d)") and the competitive coefficient (M), respectively. Lineweaver-Burk plots for these data; (C) VC
dechlorination and (D) DCE dechlorination (D).

DCE and VC were each found to be competitive to the utilization of the other. Kip
and Ky were determined to be 3.6 = 1.1 uM and 7.8 + 1.5 uM, respectively (Figure 1A
and B), indicating that DCE (with a lower competitive coefficient) has a more inhibitory
effect on VC dechlorination than vice versa. In comparing the competitive model used
here with one similar to the non-competitive inhibition enzyme model, a lower sum of
squares (SOS) value was obtained in a least-squares analyses for the competitive
coefficient compared to the non-competitive coefficient. For the effect of DCE on VC
utilization, the SOS values were found to be 3.7 16.1 for competitive and non-
competitive kinetics, respectively. Similarly, for the effect of VC on DCE utilization the
SOS values were 3.0 and 15.2 for competitive and non-competitive kinetics, respectively.
Thus, the competitive model provided a much better fit of the data. Inverse plots (Figure
1C and D) were also evaluated and show similar near intersections of regression lines on
the y-axis, which suggests a good fit with the competitive kinetics model.

The Effect of Hydrogen on Dechlorination. Hydrogen levels affected both VC
(Figure 2) and DCE (Figure 3) dechlorination trends. Even over the narrow hydrogen
ranges investigated (5 - 13 and 5 - 11 nM) a noticeable difference in dechlorination rate is
apparent, indicating that available hydrogen concentration at contaminated sites can have
a large impact on dechlorination rates. Model predictions illustrated with experimental
results in Figures 2 and 3 are discussed below.



Hydrogen Half-Velocity Coefficient (Ky). The ability to compete for electron
donor greatly influences the survival and growth of microorganisms at contaminated
sites. An important indicator of a microorganism’s ability to compete for hydrogen is the
hydrogen half-velocity coefficient (Ky), however, conflicting values have previously
been reported for dechlorinating microorganisms. Smatlak et al (/2) reported a relatively
high value (100 + 50 nM), indicating extremely slow growth under conditions of low
electron donor. However, Ballagaprada et al. (/4) concluded that Ky was lower (9-21

nM), suggesting
that dechlorinating
microorganisms
compete better than
previously thought
when hydrogen is
limiting. To more
accurately
determine this key
coefficient we
investigated
dechlorination at
different hydrogen
and DCE
concentrations.
Using the
determined initial
active cell
concentration for
the culture used in
these experiments
(5 X 10° and 6 X
10° cells L' for
experiments 1 and
2), the models
(equations 1, 2 and
3) were fit to the
experimental data
from both
experiments using
non-linear least
squares analyses to
determine  the
hydrogen half-
velocity coefficient,
resulting in a value
of 7+ 2 nM (Figure
4). This Ky value is
similar to that found
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FIGURE 2. Dechlorination of VC over a range of hydrogen concentrations as follows: (A)

5+1nM, (B)8+2nM, (C) 11 £2nM and (D) 13 + 2 nM. Points represent measured

masses of VC (diamonds) and ethene (circles), and lines represent best fits of the data to

the model (see discussion).
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FIGURE 3. Dechlorination of DCE over a range of hydrogen concentrations as follows:
(A)5+2nM, (B)8+4nM, (C)9+3nM and (D) 11 + 6 nM. Points represent measured
masses of DCE (triangles), VC (diamonds) and ethene (circles), and lines represent best
fits of the data to model (see discussion).



by Ballagaprada et al. (/4) and is significantly lower than that found by Smatlak et al
(12), confirming that growth and dechlorination even under very low hydrogen
concentrations can be significant.

The determined Ky
value was used to predict
DCE and VE
dechlorination rate in the
previously discussed
experiments (Figures 2 and
3). However, because the
initial cell concentrations
were not measured, the
initial cell concentrations
were the fitting parameters,
resulting in values of 4 X
10’ and 3 X 10’ cells L™
(Figures 2 and 3,
respectively).

Dechlorinating
Biomass The
dechlorinating cell
concentrations at the end of
the above two experiments,
were experimentally
investigated using the
dechlorination activity
assay and compared to
those concentrations
predicted by the model
(Figure 5). For each
experiment, the initial cell
concentration is depicted
by a square. Final cell
concentrations below this
value represent cultures
that experienced a net
decline in population and

Experiment 1 Experiment 2

DCE/VC/Ethene (umol)

Time (days)

FIGURE 4. Dechlorination over a range of DCE and hydrogen
concentrations, respectively, as follows (with DCE masses converted using
Henry’s law to respective concentration units): Experiment 1. (A) 37 pM and
2= 0.4nM: (B) 9 uM and 2 = 0.6 nM: (C) 36 pM and 13+ 7 nM: (D) 7 uM
and 11+ 3 oM; (E) 7 uM and 25 = 6 nM; Experiment 2, (F) 30 pM and 4 =
2;(G) 28 pM and 18 £ 8 nM:; (H) 5 pM and 3 =2 nM; (I) 7 pM and 20 £ 11
aM; (J) 4 pM and 10 + 9 nM. Points represent measured means from
duplicates of DCE (triangles), VC (diamonds) and ethene (circles). Lines
represent best fits of the data to model to determine Ky;. Note differences in
axis scales.

those above represent those that experienced a net increase over the study period. Most
measured concentrations (perhaps except at the higher concentrations) fall close to the
predicted values, providing reasonable confidence in model predictions.

An important parameter for the model’s estimation of biomass, thus
dechlorination rates, is the decay coefficient. For these investigations the decay
coefficient used was based on previous work with this culture (5). A higher decay
coefficient would result in a slower overall growth rate, lower dechlorination rate, and
hence higher substrate concentrations required for positive growth, whereas a lower
decay coefficient would have the opposite effect. Thus, good predictions of substrate



limitations require that the decay coefficient be known with reasonable confidence.
Substrate Limitations for Growth At a field site near a source of PCE or TCE

contamination, the concentrations of DCE and VC are often very high such that

supplementation with or presence of an electron donor will result in positive growth of

dehalogenators and good
dehalogenation, provided a
seed DCE and VC
dehalogenation population is
present. However, as the
contaminated plume moves
away from the source and
dehalogenation continues, PCE
and TCE concentrations will
decrease to zero and the DCE
plus VC concentration will
drop. The model simulation
results in Figure 6 suggest that
as the combined concentration
of DCE and VC then decreases
below 100 pM, organism
growth rate will decrease
below the maximum rate to an
extent that depends upon the
hydrogen concentration present
at that point. At some
downgradient location in the
plume then, the combined
DCE, VC, and hydrogen
concentrations will decrease to
a level where organism growth
rate will become negative.
When that occurs, the
dehalogenating population
either cannot become
established, or EE
bioaugmented, it cannot be
sustained. Consequently,
unless some other degradation
process such as aerobic
degradation occurs or an
engineered approach that
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FIGURE 5. A comparison between cell concentrations (filled diamonds
for experiment 1 and open diamonds for experiment 2) determined by
dechlorination rates and predicted by the model (after 8 days for
experiment 1 and after 8 or 14 days for experiment 2), with the line
representing perfect correspondence. The filled and open squares
represent the initial cell concentration for experiment 1 (5 X 10° cell L'l)
and 2 (6 X 10° cell L), respectively. Cell concentrations greater than the
corresponding square represent a net increase in cells, and concentrations
smaller than the corresponding square represent a net decrease over the
dechlorination period. Error bars represent the maximum and minimum
values (n=2).
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FIGURE 6. Predicted specific growth rates at four different hydrogen
concentrations (A-D), with a range of DCE and VC concentrations.

overcomes this limitation is invoked, complete site remediation will fail due to the
persistence of DCE and VC. One engineered approach that has proven successful is
recycling of the downgradient plume, with below population sustaining concentrations, to
a location up gradient where high population-sustaining donor and acceptor

concentrations are present (/5).
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For example, the model indicates that growth will become negative at a DCE +
VC concentration of 4 uM together with a hydrogen concentration of 4 nM (a typical
concentration found in the field). Regardless of how high the hydrogen concentration,
when the DCE plus VC concentration decreases below 0.7 pM, organism growth rate will
be negative, and dehalogenation will not be sustainable (dehalogenation past this
threshold is observed in batch experiments only because of a large added dechlorinating
population, a scenario not typical at field sites). It is significant that 0.7 uM VC
represents a concentration of 44 ng/L, well above the U.S. Environmental Protection
Agency Maximum Contaminant Level for drinking water of 2 pg/L. Thus, while
microbial reductive dehalogenation can have significant impact in reducing the
concentrations of chlorinated ethenes in an aquifer, kinetic limitations of the
microorganisms involved make it unlikely with natural attenuation alone that
concentrations can be reduced sufficiently by reductive dehalogenation to meet drinking
water standards. Other processes such as aerobic degradation or dilution may be
required. The extent to which the VC concentration can be reduced is dependent
significantly upon the hydrogen concentration that can be maintained. Thus, kinetic
limitations need to be understood when considering biological dehalogenation through
natural attenuation or engineered bioremediation at a field site. The simulation model
presented and evaluated here should be a useful tool in helping to assess both the rate and
extent of microbial dehalogenation of PCE and TCE and the chlorinated daughter
products in a contaminated aquifer, as well as the important boundary conditions that
may limit the extent of their removal.
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Comparative Evaluation of Chloroethene Dechlorination to Ethene by

Dehalococcoides-like Microorganisms

Performers
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Abstract

Reductive dehalogenation of tetrachloroethene (PCE), trichloroethene (TCE), cis-1,2-
dichloroethene (DCE), and vinyl chloride (VC) was examined in four cultures containing
Dehalococcoides-like microorganisms. Dechlorination and growth kinetics were compared using
a Monod growth-rate model for multiple electron acceptor usage with competition. Included
were the Victoria mixed culture containing Dehalococcoides species strain VS (from Victoria,
TX), the mixed culture KB-1/VC (from Southern Ontario), the Pinellas mixed culture (from
Pinellas, FL) and Dehalococcoides ethenogenes strain 195. All cultures, with the exception of
D. ethenogenes strain 195 grew with VC as catabolic electron acceptor. A dilution method was
developed that allows a valid comparison to be made of dehalogenating kinetics between
different mixed cultures. Using this procedure maximum growth rates on VC were found to be
similar for strain VS and KB-1/VC (0.42 to 0.49 + 0.02 d"), but slower for the Pinellas culture
(0.28 + 0.01 d"). The 16S rRNA gene sequences were determined to ensure no cross
contamination between cultures had occurred. Following enrichment of the VC dechlorinating
microorganisms on VC, the cultures were amended with DCE, TCE or PCE. The three mixed
cultures failed to dechlorinate PCE or did so very slowly. However, the dilution technique
indicated all experienced growth on TCE and DCE, as well as on VC. Maximum growth rates
on DCE alone were quite similar (0.43 to 0.46 d™"), while the Pinellas culture grew faster on TCE
alone (0.49 d') than did the other two mixed cultures (0.33 to 0.35 d). Half velocity and
inhibition constants for growth on TCE were also determined for the three mixed cultures; both
constants were found to be essentially equal and the same for the different cultures, varying
between only 8.6 and 10.5 uM. The ability of the strain VS, KB-1/VC and Pinellas cultures to

utilize TCE rapidly with conversion to ethene is quite different from that of any other reported



microorganism. It was separately confirmed with more traditional cell-counting techniques that
strain VS coupled TCE, as well as DCE and VC, utilization with growth. This is the first report
of an organism obtaining energy for growth through every step in the reduction of TCE to
ethene. Also, as suggested by the dilution technique, the dehalogenating organisms in the KB-
1/VC and Pinellas cultures appear to obtain growth from TCE utilization as well. Such ability to
grow while dehalogenating TCE to ethene will be an important advantage for their use in

bioaugmentation.

Introduction

Tetrachloroethene (PCE) and trichloroethene (TCE) are among the most common organic
groundwater contaminants. Under anaerobic conditions, they may be converted biologically
through reductive dehalogenation to cis-1, 2-dichloroethene (DCE) (trans-dichloroethene or 1,1-
dichloroethene may also be formed, /), vinyl chloride (VC), and then ethene. As yet, no
microorganism has been reported that can grow through every step in the reductive
dechlorination of PCE or TCE to ethene. Several phylogenetically different bacteria have been
identified with the ability to convert PCE and TCE to DCE, but the reduction of DCE to VC and
ethene appears to be carried out for the most part by organisms of the genus Dehalococcoides.
The first such organism identified, Dehalococcoides ethenogenes strain 195 (2), obtains energy
for growth from reduction of PCE, TCE, and DCE to VC. It can convert VC to ethene, but does
so only cometabolically. Two recently reported Dehalococcoides microorganisms,
Dehalococcoides species strain VS (3, 4), and Dehalococcoides isolate BAV1 (5) can derive
energy from both DCE and VC reduction to ethene. Dehalococcoides isolate BAV1 uses TCE
and PCE only cometabolically (5). The possible ability of strain VS to use TCE or PCE has not

previously been indicated.

In the field, complete transformation to ethene, the desired endpoint, often does not occur
naturally because of insufficiency in required electron donor, reaction kinetics, the absence of
necessary dehalogenating bacteria, or other environmental factors. Engineering efforts to
enhance complete microbial reductive dehalogenation at contaminated sites generally involve
adding electron donor. Mixed cultures, such as Pinellas (6) and KB-1 (' 7,8), containing

Dehalococcoides-like strains, have been successfully used in field bioaugmentation



demonstrations to bring about complete dehalogenation to ethene. Other cultures with the ability
to reductively dechlorinate VC to ethene rapidly may be found. The question of which culture is
best for use arises when considering bioaugmentation. We present here a method that can be
used to make such a judgment together with a comparative study of the utilization of VC, DCE,

TCE, and PCE by four of the above mentioned cultures or strains.

Materials and Methods

Chemicals. Liquid cis-1,2-dichloroethene (97% Aldrich Chem. Co., Milwaukee, WI),
trichloroethene (99+% Aldrich Chem. Co.), tetrachloroethene (99.9+% Sigma-Aldrich) and
gaseous vinyl chloride (99.5%, Fluka, Switzerland) were used neat, to prepare stock solutions
and analytical standards. In addition, ethene (1000 PPM and 100 PPM, Scott Speciality Gases,
Alltech Associates) and vinyl chloride (1000 PPM and 10 PPM, Scott Speciality Gases, Alltech
Associates) were used as analytical standards, benzoate (sodium salt, 99%, Aldrich Chem. Co.)

as a substrate, and sodium sulfide (Aldrich Chem. Co.) as a reducing agent.

Analytical methods. Analyses of ethene, VC, DCE, TCE and PCE were performed with
a temperature program (40 to 220°C) using a Hewlett-Packard model 5890 Series II gas
chromatograph equipped with a flame ionization detector (Hewlett-Packard) and a GS-Q fused-
silica capillary column (length, 30 m; inside diameter, 0.53 mm; J&W Scientific). A reduction
gas analyzer (Trace Analytical, Inc., Menlo Park, CA) was used to measure hydrogen. Solution

concentrations and total mass were calculated using Henry’s Law Constants (9).

Stock cultures. The Victoria mixed culture containing strain VS was maintained in a
closed continuously stirred tank reactor (CSTR) as previously described (3). A VC enrichment of
this culture, maintained over 5 years, was also used in these investigations. Liquid cultures of
the three other cultures evaluated (Pinellas, KB-1/VC, and Dehalococcoides ethenogenes strain
195) were kept in anaerobic bottles, stored in an anaerobic chamber (10%H;, 10% CO,, 80%
N»). The bottles were amended with TCE (1-3uL neat liquid), VC (250 pL gas), and PCE (1-3uL

neat liquid) being added to each, respectively, approximately every two weeks.



Batch studies. For the experimental portion of this research, two studies were
undertaken, one a comparative VC growth study, and the other a comparative growth and
substrate utilization study with different chlorinated ethenes. These studies compared the
dechlorination abilities of Dehalococcoides ethenogenes strain 195 and the Dehalococcoides-like
microorganisms in the three mixed cultures (Victoria, KB-1/VC, and Pinellas). For the first
study, a VC enriched inoculum was first developed for each of the three mixed cultures. Here,
bottles (120 mL) were filled with 60 mL of anaerobic media in an anaerobic chamber as
previously described (3), and inoculated with 200 pL of each stock culture. Gaseous VC (99.5
%) was added with a gas tight syringe (200 pL). The cultures were then moved to a shaker (60-
80 rpm) in an anaerobic chamber (20 + 2°C). Immediately after 5 umol of ethene was formed in
a bottle, 200 pL of the culture was transferred to fresh media (60 mL), in triplicate, and VC was
again added (200 pL). The inoculum for the growth study was that formed after exactly 4 pmol
of ethene was produced following this second transfer. To compare growth rates on VC, a range
in concentration of each inocula (0.1, 0.3, 1, 3, 9 mL) was transferred to fresh media (as above)
to result in a liquid volume of 60 mL, and gaseous VC (200 pL) was added to each. An abiotic
control with media and VC was included in all batch studies to demonstrate the cultures were
required for dechlorination. Hydrogen served as the electron donor and was non-limiting (> 3%)
in all studies. Headspace samples were periodically removed by syringe (250 pL) for chlorinated
ethene analyses.

The purpose of the second study was to compare dechlorination rates of PCE, TCE and
DCE between the three different cultures that grew on VC (Victoria, KB-1/VC and Pinellas).
The development of inocula here was performed with VC, just as in the first study. For the
growth and substrate utilization experiments, triplicate bottles were set up for each culture
containing 1 mL of inoculum and either neat PCE (0.4 pL), neat TCE (0.3 pL), saturated DCE
solution (34 uL) or gaseous VC (200 puL).

To further investigate TCE removal, bottles (120 mL) were filled with 20 mL of a highly
enriched culture of strain VS made from the Victoria culture. Duplicate bottles were supplied
with gaseous VC (50 puL on day 0, then 150 pL on day 3) or TCE (0.4 pL neat liquid).
Dechlorination was followed until all VC or TCE was converted to ethene (day 12). The change
in strain VS concentration during VC and TCE utilization was then determined both by

competitive PCR and by an activity procedure evaluated previously for strain VS (3, 10). In the



activity procedure a non-growth limiting concentration of VC (150 pL) along with excess
hydrogen is added to a culture and the initial dechlorination rate is measured (over < 1 day) A
good estimate of strain VS concentration can then be obtained using the previously determined
(3) strain VS maximum VC utilization rate (7.8 X 10™'° umol CI" (cell * d)™). The increase in
strain VS concentration during TCE or VC utilization was determined with these two procedures

on the culture before and after TCE and VC utilization.

Comparative dechlorination and growth Kkinetics. With mixed cultures, the
concentration of organisms carrying out a particular reaction is generally unknown and difficult
to determine. Thus, reaction rates with mixed cultures are generally reported in units that cannot
be used for comparative purposes. For example, dechlorination rates have been reported in
mass removal rate per microcosm or bottle (/7), per unit liquid volume (7), per unit of total
biomass (/2) or per unit of total protein (/3). However, the approach described here allows us
to make direct comparisons of basic dechlorination and growth kinetics between cultures. The
main parameter used in this comparison is organism maximum growth rate, which is directly
related to dechlorination kinetics. The maximum growth rate for each culture was determined
from a least-squares model fit to experimental data (/4). For this purpose, the dechlorination of
TCE, DCE, and VC was modeled using Monod kinetics with competitive kinetics between the
multiple electron acceptors involved in dechlorination (for the case when electron donor is non-

rate-limiting):
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Here, uy, up and urare the maximum growth rates (d") on VC, DCE and TCE respectively, b is
the cell decay rate (d), X is the concentration (cells L™") of dechlorinating cells and Y is the yield
(cells (umol)’l). VC, DCE and TCE are the solution concentrations (uM) of VC, DCE and TCE
respectively. Ky, Kp and Ky are the half-velocity coefficients (uM) for VC, DCE and TCE. Ky,
Kip and K;r are the competitive coefficients (uM) for VC, DCE and TCE respectively. As
summarized in Table 1 these coefficients for VC and DCE were determined previously (10, 12),
while the coefficients for TCE were determined as part of this study.

In order to determine the maximum growth rates from these equations from measured
concentrations of TCE, DCE, and VC, values for Y, X, b, K;, and Kj; are needed, where i and j are
designators for v, d, t and D, T, respectively. The values Y and X, in particular, are difficult to
measure with mixed cultures. However, this difficulty can be surmounted with the batch
technique used. The inoculum approach used resulted from growth of a very small seed
concentration on a known amount of VC. The concentration of VC dehalogenating organisms in
the inocula is thus equal to YS,/V; where S, is the mass (umol) of VC consumed and V; is the
culture volume of the seed vessel. When x ml of this inocula is transferred to the 60 ml of media

in the batch bottles, the concentration is reduced by the dilution factor, D, which here equals



x/60. This gives an initial organism concentration, X, in the batch culture, which is related to

the dilution used,

o

X
= DS, /V, (5)
Y

X°=DYS, IV, or

Organism growth rate is related to the change in organism concentration as follows:

dX /dt ax X
U X or Y u Y (6)

In the numerical approach used here, the value X/Y in Eqgs. 1 to 3 from one time step in the
numerical model is increased by dX/Y as indicated in Eq. 6 for the next time step. In other

words,

%= DS’”[(1+u1At)(1 + AN (1+ W, AD) | (7

1

where X is the microorganism concentration after £ time steps. With the dilution procedure, the
value on the right side of Eq. 7 is substituted into Egs. 1 to 3, resulting in the cancellation of X
and 7Y, so that neither need be known to solve the system of equations.

While the values of K; is also an unknown, except for strain VS, this was relatively
unimportant in the determination of maximum growth rates since the initial substrate

concentrations used were well above this value so that growth rates were highly insensitive to K.

Modeling approach. The above procedure was utilized to compare VC, DCE and TCE
maximum growth rates between the Dehalococcoides like-microorganisms in the three cultures
(strain VS, KB-1/VC and Pinellas). Previously determined VC and DCE half-velocity and
competitive coefficients were included in this modeling approach (Table 1). Also, a previously
determined (3) decay coefficient (0.05 d') for cells growing under optimal conditions (non-

limiting electron acceptor and donor) was included. This leaves the maximum growth rates on



individual chlorinated ethenes (uy, up, or ur) as the only fitting parameters, which were
determined, together with the 95% confidence interval) using non-linear least-squares fit (/4) to

the experimental data.

DNA isolation and competitive PCR. For the Victoria, Pinellas, and KB-1/VC genomic
DNA was extracted (1 mL) from the inoculum used in the VC growth comparison study and also
from cultures in the comparative substrate utilization study following complete TCE
dechlorination. DNA was extracted using a DNeasy® tissue system (Qiagen Inc, Valencia, CA),
following the manufacture’s instructions (final volume 200 uL). DNA was extracted from the D.
ethenogenes strain 195 culture following dechlorination of DCE. Competitive PCR was carried
out, as previously described (3), on DNA extracted from the VC enrichment culture of strain VS

following TCE and VC dechlorination (day 12), in order to determine cell concentration.

Amplification and cloning of 16S rRNA genes. PCR with forward primer DeF and
reverse primer DeR, as previously described (3), was carried out on DNA extracted from all
cultures. Aliquots of the PCR products were resolved by electrophoresis in 2% (wt/vol) agarose
gel (Sigma) in TBE buffer, stained in ethidium bromide solution (5 ug/mL) for 20 min, followed
by destaining in water for 40 min. The bands, visualized upon UV excitation, were found to be of
the appropriate size with a 1-kb DNA ladder (Gibco). The remaining PCR products were cloned
into E. coli with a TOPO TA cloning® kit (Invitrogen Corporation, Carlsbad, CA) following the
manufacturers instructions. Plasmids were extracted from the cloned cells using a QIAprep®
miniprep system (Qiagen Inc) and the inserts were sequenced (Stanford University’s Protein and
Nucleic acid facility, PAN).

For DNA extracted from the KB-1/VC and Pinellas cultures (used for inoculum in the
VC growth comparison study) partial sequences (1091-1320 base pairs) from nine clones each
were obtained. For DNA extracted from D. ethenogenes strain 195 and for DNA extracted from
the Victoria inoculum (used in the VC growth comparison study) partial sequences (ranging
from 421-930 base pairs) from five clones each were obtained. For DNA extracted from cultures
following TCE dechlorination, partial sequences (960-1140 base pairs) from four (Pinellas) or
five (Victoria and KB-1/VC) clones each were obtained. The sequences were compared to

known sequences using BLAST in GenBank (/5) and were analyzed with DNASTAR MegAlign



software.

Results and Discussion

VC dechlorination. Dechlorinating microorganisms in the Victoria, KB-1/VC, and
Pinellas cultures dechlorinated VC to ethene, forming 5 umol of ethene in 18 days (Victoria and
KB-1/VC) or 21 days (Pinellas) (Figure 1). This conclusion is corroborated by recent research
demonstrating the expression of the same VC-reductase gene in all three cultures (4). As
expected of cells growing on VC, the initial dechlorination rate was low following inoculation
and increased exponentially with time. Standard deviations from the second transfer (triplicate
cultures), illustrate the level of reproducibility typical of these experiments (Figure 1). D.
ethenogenes strain 195 did not dechlorinate VC, indicating no growth on VC, but did
dechlorinate DCE to VC (with no further reduction to ethene), as expected (Figure 2).

The results of the VC-fed serial dilution study for each of the three mixed cultures are
illustrated in Figure 3. The u, values and 95 % confidence intervals obtained by least-squares
fitting of Eq. 4 to 7 to these results of the Figure 3 results are summarized in Table 2. The growth
rates of the dehalogenators in the Victoria and KB-1/VC cultures are similar (0.49 and 0.42 d™,
respectively), while that of the Pinellas culture is lower (0.28 d'). The value of 0.49 d
compares with that of 0.4 d” determined previously using the more traditional method of cell
counting (3). The dilution method used here is believed to be more precise because of the
normal errors in cell counting methods, especially with mixed cultures. In summary, evidence
for growth of dehalogenating bacateria in these three cultures on VC provided by the current
study includes the repeated transfer of VC dehalogenating microorganisms, the increased rate of
VC consumption following each transfer, increased VC dechlorination in cultures with greater
inocula, and their similarity in VC dechlorination kinetics. Since several Dehalococcoides strains
have now been shown to grow on VC, this capability may be more typical than was once

thought.

DCE, TCE and PCE Dechlorination. In the second study, triplicates of each individual
mixed culture grown on VC was supplied with DCE, TCE or PCE. Using the dilution procedure,

the dehalogenation results from cultures fed DCE were used to determine the maximum growth



rate on DCE alone (up) using least-squares analysis and the values for uy from Table 2. The
maximum growth rates found for growth on DCE alone (up) are similar for the three mixed
cultures (0.43 to 0.46 d™"), and are also similar to that on VC by the Victoria and KB-1/VC
cultures (0.42 to 0.49 d') (Figure 4). In agreement with this, recent research indicates that the
purified VC-reductase from strain VS from the Victoria culture dehalogenates DCE and VC at
similar rates (4).

Figure 5 illustrates a representative model fit for TCE removal (Pinellas culture). An
unexpected finding was that all three mixed cultures dehalogenated TCE. Since the half velocity
(K7), inhibition coefficient (Kir), and maximum growth rate (u7) for TCE were unknown, the
three coefficients were used as fitting parameters along with previously determined values for
puV and pD from Table 2 in a least-squares fit to the TCE utilization data. The maximum growth
rate found for TCE utilization alone was again the same for the Victoria and KB-1/VC cultures
(0.23 d), but lower than that for the Pinellas culture (0.49 d').  Also of interest is that the half
velocity and inhibition coefficients for TCE utilization by the three cultures (KT and KIT) are
equal to each other and about the same for the three cultures varying between 8.6 and 10.5
(Table 3). The near equality between the half velocity and inhibition coefficients was found
previously for DCE. With VC on the other hand, the inhibition coefficient (found from an earlier
study, 70) is significantly higher than the half-velocity coefficient, the higher value meaning the
presence of VC is less inhibitory to the dehalogenation of DCE and TCE.

The rapid utilization of TCE by the cultures came somewhat as a surprise because the
recently isolated, VC-respiring Dehalococcoides isolate BAV1 (5) uses TCE only co-
metabolically. This rapid utilization of TCE and the strong suggestion from the model that this
utilization is coupled with growth (u7 values of 0.35 to 0.49 d'') was further investigated using
the VC enrichment of the Victoria culture. Here in a separate study using a highly enriched
(>95% purity) strain VS culture developed from the Victoria culture, the separate utilization of
TCE and VC was investigated. Figures 6 and 7 illustrate a comparison between experimental
data and modeled results using Table 1 to 3 coefficients, except for ur, K7, and K;7, which were
determined using the dilution technique and the data in Figure 6. The value for x7 was found to
match that found with the mixed Victoria culture (0.35 d™"). The values for K7, and K;r were
similar (Table 3). Growth yields on both TCE and VC were determined using competitive PCR,
resulting in values of 4.7 + 0.3 x 10® cell/umol Cl" when grown on TCE and 5.2 + 0.4 x 10°

10



cell/umol CI" when grown on VC. A third method to confirm growth occurred on TCE was
obtained from a comparison of the estimated increase in cell numbers while growing on TCE and
VC obtained by measuring maximum VC utilization rates initially and after utilization of TCE
and VC was complete (see Batch Studies under Materials and Methods). The cultures
dechlorinated the same chlorine mass during either TCE or VC dechlorination, and at the same
rate (Figure 8). Thus, if growth occurred on TCE, then the increase in cell numbers while
growing on TCE should be the same as that while growing on VC. This was found to be the case
(Table 4 ). Thus three separate lines of evidence, one a modeling fit to the data and two others
where increase in cell numbers was determined, confirm that growth of strain VS occurred from

TCE dehalogenation alone.

The three methods used above all indicate that growth yields with TCE dehalogenation to
ethene are similar to that for VC dehalogenation to ethene. If the TCE degradation was co-
metabolic, as has been found for the recently isolated, VC-respiring, Dehalococcoides isolate
BAV1 (5), then the ethene formation rate and the growth yield for the TCE fed cells would be
two thirds of that found for the VC fed cells. While such detailed analysis of growth yield
through cell counting was not conducted for the KB-1/VC and Pinellas cultures, the maximum
growth rates similar determined by the dilution procedure, and their close similarities in TCE
utilization to strain VS suggests that they too obtain energy from TCE dehalogenation.

The Pinellas and KB-1/VC cultures failed to dechlorinate PCE. PCE dechlorination did
occur after a lag period of 6-12 days with the Victoria mixed culture, suggesting that the
presence of an additional dechlorinating microorganism in the culture might be responsible for

the eventual PCE dechlorination.

16S rRNA gene sequences. Since the Victoria, KB-1/VC, and Pinellas cultures all
exhibited such similar dehalogenation kinetics, a question arises as to whether they all contain
the same strain of Dehalococcoides. The Victoria culture contains a Dehalococcodies strain
(Strain VS) which is distinctly different from that in the other two cultures (3, /6). However,
the similarity in 16S rRNA sequence between the Pinellas and KB-1/VC cultures makes it
difficult to ascertain if these two cultures contain the same or a different Dehalococcoides sp. To

ensure no cross contamination occurred during this study, the 16S rRNA gene sequences for the
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three cultures were obtained, and the numbers of differences in base pairs from that of
Dehalococcoides ethenogenes strain 195 (GenBank Accession no. AF004928) were determined.
These sequences were 99.4-100% identical with those previously reported for these cultures (76)
The 16S rRNA gene sequences were also determined from cultures taken at the end of the
growth experiments to investigate whether contamination between cultures might have occurred
during these experiments. All sequences so obtained agreed with those of the starting cultures,
thus we conclude that no cross-contamination occurred. It is of interest to note that while the
nucleotide sequence for strain VS is quite different from that of the other mixed cultures, their
activity towards PCE, TCE, DCE, and VC was very similar. This indicates that 16S rRNA-
based methods alone cannot be used for characterizing a culture’s potential for dechlorination.

In summary, a dilution procedure was developed that can be used for comparing
maximum growth and dehalogenation rates in mixed cultures. This procedure was used to
compare three mixed cultures and one pure culture containing Dehalococcoides-like
microorganisms. Dehalococcoides-like bacteria within the three mixed cultures, Victoria, KB-
1/VC, and Pinellas, could dehalogenate TCE, DCE, and VC at similar rates, but could not grow
on PCE, suggesting they have similar mechanisms for dechlorination. Maximum growth rates
for dehalogenating bacteria in the Victoria and KB-1/VC cultures were very similar, and about
the same on DCE and VC (0.42 to 0.49 d), but lower on TCE (0.35 d™). The Pinellas culture
had about the same growth rate on DCE (0.43 d™), but lower on VC (0.28 d") and higher on
TCE (0.49 d'). However, the three mixed cultures performed quite differently from D.
ethenogenes strain 195, which does dechlorinate PCE with growth, but dechlorinates VC only
co-metabolically. They also differ from the isolate Dehalococcoides isolate BAV1, which grows
with VC, but uses TCE only co-metabolically. The most significant finding of this research is
the confirmed ability of the strain VS to obtain energy from each step in the dehalogenation of
TCE to ethene. Similar dehalogenation characteristics of Dehalococcoides-like strains in the
KB1/VC and Pinellas cultures cultures suggests they too have this ability. This should be an
important advantage when using these cultures for bioaugmentation of TCE contaminated sites.

This study also provided additionally evidence for the ability of the model represented by
Eq. 4, or its equivalent given elsewhere for the case when electron donor is also limiting (10), to
correctly simulate dehalogenation rates, providing information on the parameters of importance.

This equation indicates that the overall growth rate (u) is equal to the sum of growth rates
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individually on TCE, DCE, and VC. This may suggest that the maximum growth rate would be
greater if growing on all three electron donors rather than on one alone. However, this need not
be true because the growth rate is modified by the competitive coefficients, which reduces the
growth rate on one electron acceptor when others are present. Thus, in order to obtain correct
growth and dehalogenation rates, the complete model with competitive coefficients as provided
here is needed. Although we have not addressed here the biological basis for this model of
competitive inhibition, possible explanations include a competition of several chloroethenes for
one enzyme or the competition of different, chloroethene-specific reductive dehalogenases for a
common pool of reducing equivalents, or other mechanism(s).
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TABLES AND FIGURES
TABLE 1. Kinetic coefficients and growth rates, along with 95 % confidence intervals, for the
reductive dechlorination of DCE and VC developed previously with the Victoria culture and

used in this study.

TABLE 2. Maximum growth rates and 95% confidence intervals for reductive dehalogenation

of TCE, DCE, and VC by three different mixed cultures and one highly enriched culture.

TABLE 3. Half velocity and inhibition coefficients for reductive dehalogenation of TCE by

three different mixed cultures and one highly-enriched culture.

FIGURE 1. VC (squares) and ethene (triangles) by Victoria (A), KB-1 (B) and Pinellas (C)
cultures. Following the formation of 5 pmol of ethene (day 18 for A and B, day 21 for C),
culture (200 pL) was transferred to triplicate media bottles and VC was added (200 pL), with the
results shown. Error bars, following these transfers, represent standard deviations for triplicate

samples. Lines do not represent model simulations.
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FIGURE 2. DCE (circles), VC (squares) and ethene (triangles) mass change with time in D.
ethenogenes strain 195 cultures. Cultures were supplied with either VC (A) or DCE (B). Lines

do not represent model simulations.

FIGURE 3. VC (squares) and ethene (diamonds) by Victoria , KB-1/VC and Pinellas cultures
inoculated with 9,3 , 1, 0.3 or 0.1 mL of culture. Lines represent model simulations as

discussed in the text.

FIGURE 4. Reductive dehalogenation of DCE to ethene by (A) Victoria culture, (B) KB-1/VC
culture, and (C) Pinellas culture. Symbols represent DCE (diamonds), VC (triangles), and

ethene (circles). Lines represent model simulations as discussed in the text.

FIGURE 5. Reductive dehalogenation of TCE to ethene by the Pinellas culture. Symbols
represent TCE (squares), DCE (diamonds), VC (triangles), and ethene (circles). Lines represent

model simulations as discussed in the text.

FIGURE 6. TCE (A), DCE (B), VC (C) dechlorination and ethene formation (D) in duplicates of
the VC enrichment of strain VS from the Victoria culture. Lines represent model simulations, as

discussed in the text.

FIGURE 7. VC dechlorination (A) and ethene formation (B) in duplicates of the VC enrichment

of strain VS. Lines represent model simulations, as discussed in the text.
FIGURE 8. Comparison of mass dechlorinated (umol chloride produced) with time by the VC

enrichment of strain VS supplied with either TCE (triangles and crosses) or VC (squares and

diamonds).
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FIGURE 1. VC (squares) and ethene (triangles) by Victoria (A), KB-1/VC (B) and Pinellas (C)
cultures. Following the formation of 5 pmol of ethene (day 18 for A and B, day 21 for C),
culture (200 pL) was transferred to triplicate media bottles and VC was added (200 uL), with the
results shown. Error bars, following these transfers, represent standard deviations for triplicate

samples. Lines do not represent model simulations.
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FIGURE 2. DCE (circles), VC (squares) and ethene (triangles) mass change with time in D.
ethenogenes strain 195 cultures. Cultures were supplied with either VC (A) or DCE (B). Lines

do not represent model simulations.
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FIGURE 3. VC (squares) and ethene (diamonds) by Victoria , KB-1/VC and Pinellas cultures
moculated with 9 ;3 ,1,0.3 or 0.1 mL of culture. Lines represent model simulations as

discussed in the text.
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FIGURE 4. Reductive dehalogenation of DCE to ethene by (A) Victoria culture, (B) KB-1/VC
culture, and (C) Pmellas culture. Symbols represent DCE (diamonds), VC (triangles), and

ethene (circles). Lines represent model simulations as discussed in the text.

FIGURE 5. Reductive dehalogenation of TCE to ethene by the Pinellas culture. Symbols
represent TCE (squares), DCE (diamonds), VC (triangles), and ethene (circles). Lines represent

model simulations as discussed in the text.
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FIGURE 6. TCE (A), DCE (B), VC (C) dechlorination and ethene formation (D) in duplicates of

the VC enrichment of strain VS from the Victoria culture. Lines represent model simulations, as

discussed in the text.
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FIGURE 8. Comparison of mass dechlorinated (umol chloride produced) with time by the VC
enrichment of strain VS supplied with either TCE (triangles and crosses) or VC (squares and

diamonds).
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TABLE 1. Kinetic coefficients and growth rates, along with 95 % confidence intervals, for the
reductive dechlorination of DCE and VC developed previously with the Victoria culture and

used in this study.

Coefficients Units DCE VC
Half-velocity (Kp, Ky) uM 33+22" 2.6+1.9"
Competitive (Kip, Kiv) uM 36+1.1° 78+1.5°

Reference 12, ° Reference 10.

TABLE 2. Maximum growth rates and 95% confidence intervals for reductive dehalogenation

of TCE, DCE, and VC by three different mixed cultures and one highly enriched culture.

Maximum Growth Rate (d‘l)

Culture ur UD Uy
VS Mixed 0.35+0.07 0.46 +0.04 0.49 £ 0.02
Highly enriched 0.35+0.13
KB-1/VC 0.33 +0.06 0.44 £ 0.02 0.42 +£0.03
Pinellas 0.49 £0.03 0.43 £0.00 0.28 £0.01

TABLE 3. Half velocity and inhibition coefficients for reductive dehalogenation of TCE by

three different mixed cultures and one highly-enriched culture.

Coefficient (uM)
Culture Kr Kir
VS Mixed 9.0+0.4 8.6+0.4
Highly enriched 124+ 0.6 6.8+14
KB-1/VC 10.0£2.0 10.0+£0.6
Pinellas 10.5+0.7 10.5+0.7
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TABLE 4. Dehalococcoides species strain VS growth yields on TCE and VC as determined from

VC utilization rate measurements, the computed increase in cell biomass, and the mass

dechlorinated.
VC TCE
Initial VC rate (umol (d-L)™) 28 +2° 28 +2°
Initial cells (cell L™ 3.6+£0.3*X 10" 3.6+£0.3*X 10"
Final VC rate (umol (d-L)™) 228,204 312,204
Final cells (cell L™")" 29X 10",2.6X 10" 40X 10",2.6X 10"
Mass dechlorinated (umol) 10.39, 10.52 10.94, 8.97
Yield (cell pmol™)¢ 4.6 £0.3* X 10° 5.8+0.8* X 10°

*Average and range of replicates.
"Determined by dividing VC utilization rate by standardized rate of 7.8 x 10™'° umol ethene/cell - d
Yield = (20mL sample/1000mL)(final cells - initial cells)/mass dechlorinated
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PROJECT 4
Molecular Identification of the Catabolic Vinyl Chloride Reductase from
Dehalococcoides sp. strain VS and its Environmental Distribution
Performer

Jochen A. Miiller, Bettina M. Rosner, Gregory von Abendroth, Galit Meshulam-Simon, Perry
L. McCarty, and Alfred M. Spormann

Summary

Reductive dehalogenation of vinyl chloride (VC) to ethene is the key step in complete
anaerobic degradation of chlorinated ethenes. VC reductive dehalogenase was partially purified
from a highly enriched culture of the VC-respiring Dehalococcoides sp. strain VS. The enzyme
reduced VC and all dichloroethene (DCE) isomers, but not tetrachloroethene (PCE) or
trichloroethene (TCE), with comparable high rates. Using reversed genetics, the corresponding
gene (verA) was isolated and characterized. Based on the predicted amino acid sequence, VC
reductase is a novel member of the family of corrinoid/iron-sulfur cluster containing reductive
dehalogenases. The vcrd gene was found to be co-transcribed with verB, encoding for a small
hydrophobic protein presumably acting as membrane anchor for VC reductase, and vcrC,
encoding for a protein with similarity to transcriptional regulators of the NosR/Nirl family.
The verAB genes were subsequently found to be present and expressed in other cultures
containing VC-respiring Dehaloccoides organisms, and could be detected in water samples
from a field site contaminated with chlorinated ethenes. Therefore, the verd gene identified
here may be a useful molecular target for evaluating, predicting, and monitoring in situ
reductive VC dehalogenation.

INTRODUCTION

Contamination of groundwater with the chlorinated solvents tetrachloroethene (PCE)
and trichloroethene (TCE) threatens numerous drinking water supplies (6, 36). Conventional
approaches for groundwater remediation have placed a multi billion dollar burden on society
and consequently stimulated research in alternative clean-up strategies (20). One such
strategy, the removal of these contaminants by naturally occurring, chloroethene-degrading
microorganisms (bioremediation) appears to be a viable and cost-effective alternative. The
microbial degradation of PCE and TCE has been observed most frequently under anaerobic
conditions where the chlorinated ethenes can be reductively dehalogenated via the lesser
chlorinated ethenes cis-1,2-dichloroethene (cDCE) and vinyl chloride (VC) to harmless ethene.
However, at many chloroethene-contaminated sites, reductive dehalogenation ceases, or is
significantly slowed down, at the level of VC resulting in its accumulation. Because VC is a
known human carcinogen and the most toxic compound of all chloroethenes, reduction of VC
to ethene is the key step in the complete anaerobic degradation of these compounds.

Reductive dehalogenation of VC has been linked to the genus Dehalococcoides (3, 7-9,
18). Dehalococcoides ethenogenes strain 195, the first microorganism isolated in pure culture
that dehalogenates VC to ethene (18), catalyzes this reduction only in a slow, co-metabolic
reaction (14, 15, 19). Recently, enrichment cultures containing Dehalococcoides-like organisms
which couple VC reduction with energy conservation have been reported (3, 7). The isolation
of an axenic culture of one of those organisms, strain BAV1, was described subsequently (8).

While reductive dehalogenation of higher chlorinated ethenes and of some chlorinated
aromatic compounds has been studied on a biochemical, chemical, and genetic level (14-16, 21-
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24,26, 31-35), little is known about molecular features of reductive dehalogenation of VC. In
D. ethenogenes 195, VC-reduction is mediated by the TCE-reductive dehalogenase (TceA)
(14, 15). The VC-reduction rate of TceA is, however, less than 1 % of its activity of TCE- and
cDCE-reduction. In a previous study with the VC-degrading enrichment culture maintained in
our laboratory, we showed the presence of a membrane-bound activity that reduced VC and
cDCE, but not TCE or PCE, with high rates (29).

Using the highly enriched Dehalococcoides sp. strain VS, we provide here, for the first
time, insights into the molecular composition of a VC-reductase as well as the encoding gene.
This gene was subsequently found by molecular probing to be present both in VC-
dehalogenating mixed cultures used in bioremediation approaches and in groundwater samples
from a contaminated field site undergoing bioremediation. These observations suggest that the
here described enzyme is an environmentally relevant VC-reductase, and that molecular
probing methods, based on the vcr4 gene sequence, can be useful tools to assess the capacity
of contaminated sites for VC reduction.

MATERIALS AND METHODS

Materials. Titanium(IIN)NTA stock solutions contained 100 mM Ti’>* chelated by
150 mM nitrilotriacetate, and were prepared as described elsewhere (25). FeS was prepared
according to Ehrenreich and Widdel (4). All other chemicals and gases used were of reagent
grade or better and from standard commercial sources. Fast-protein liquid chromatography
(FPLC) columns were obtained from Pharmacia.

Bacterial culture and growth conditions. The VC-dehalogenating culture (Victoria-
culture) was cultivated under strictly anoxic conditions in a MOPS-buffered (20 mM, pH 7.2)
mineral salt water medium essentially as described (29) with the alteration of the buffering
system. The culture was grown under an N,/H, [90:10 (vol/vol)] atmosphere in 5 | carboy
bottles containing 4 1 medium with FeS (~ 0.5 mmol/l) and 0.2 mM titanium(II[)NTA as
reducing agents. Addition of 10% of sterile-filtered supernatant of a mixed culture containing
Dehalococcoides sp. strain VS grown with bicarbonate-buffer was needed to obtain sufficient
growth. The electron acceptors VC or 1,1-DCE were added discontinuously over time in 200
umol/l increments up to a total of 5-10 mmol/l; the electron donor H, was replenished when
needed. The cultures were stirred in the dark at 30°C for several weeks with frequent exchange
of the headspace of the bottles in an anoxic chamber (Coy Laboratory Products, Ann Arbor,
MI). The mixed cultures KB-1, Pinellas, and WS were grown in reduced mineral medium with
VC as electron acceptor essentially as described previously (37).

Enzyme assays. Cells were harvested by centrifugation (20,000 x g, 20 min, 4°C)
under strictly anoxic conditions using the anoxic chamber, washed and resuspended in
degassed MOPS buffer (20 mM, pH 7.2) supplemented with 2 mM DTE and 0.2 mM
titanium(II[)NTA (buffer A). The buffer was incubated overnight in the anoxic chamber before
addition of reducing agents. Cell-free extracts were obtained by anoxic disruption of cells by
French Press treatment (138 MPa; two passages), followed by two centrifugation steps
(30,000 x g, 15 min, 4°C).

Assays of VC-reduction were conducted as described previously in 2-ml glass vials
under an N,/H, atmosphere with Ti(Ill)-reduced methyl viologen as artificial electron donor
(29). The protein concentration in the assay varied between 10 and 100 ug/ml. The test was
started by addition of gaseous VC to the assay mix (total aqueous volume 0.3 ml), and change
in VC and ethene concentrations were followed with time by gas chromatography.
Experiments testing for reduction of liquid chlorinated ethenes (PCE, TCE, DCE-isomers)



were carried out essentially as described above with the appropriate substitution of the
chlorinated ethene. The chlorinated compounds were added from aqueous stock solutions.
Oxygen sensitivity of VC-reducing activity in cell-free extract was investigated in buffer
amended with resazurin as redox indicator. Prior to addition of VC, the assay was exposed to
air until the resazurin underwent a color-change from colorless to pink. Subsequently, the
assay was rendered anoxic again by exchanging the gas phase inside the anoxic chamber
followed by addition of Ti(II[)NTA (5 mM final concentration). All enzyme assays were
carried out at ambient temperature, and given activities are means of at least three independent
measurements.

Partial purification of VC reductase. Protein purification was performed at 4°C in
the anoxic chamber. The membrane fraction was obtained by centrifugation of cell-free extract
at 100,000 x g for 90 min at 4°C. The pellet was resuspended in 1 ml buffer A supplemented
with 2 mM 3-[(3-cholamidopropyl)dimethylammonio]-1-propanesulfonic acid (CHAPS), and
incubated for 1 h on ice. After subsequent centrifugation (100,000 x g, 90 min, 4°C) the
solubilized membrane fraction was diluted with an equal volume of buffer B (50 mM 1,3-
Bis[tris(hydroxymethyl)methylamino|propane (Bis-Tris Propane), pH 9.6, 2 mM
dithiothreitol, 0.2 mM titanium(III)NTA, 20 mM CHAPS), and loaded on a 1-ml HighTrap Q
column (Amersham Pharmacia) equilibrated with buffer C (same as buffer B but with 2 mM
CHAPS). VC reductive dehalogenase activity was eluted as a single peak (at 550 to 580 mM
NaCl) with 10 ml buffer C followed by a 40-ml linear gradient from 0-700 mM NaCl in buffer
C at a flow of 1 ml/min.

Fractions containing the highest activity were pooled and mixed with an equal volume
of buffer A containing 20 mM CHAPS, and applied to a Superose-6 column equilibrated with
the same buffer. Enzyme activity was eluted with buffer A at a flow rate of 0.2 ml/min. The
protein concentration of the samples was determined according to Bradford with bovine serum
albumin as a standard.

Amino acid sequencing and tryptic digest. Peptides present in active enzyme
fractions were separated by 12 % SDS-polyacrylamide gel electrophoresis and adsorbed onto
polyvinylidene difluoride membrane by electroblotting. The transferred peptides were excised
and their N-termini sequenced at the Stanford Protein and Nucleic Acid (PAN) Facility. To
obtain internal peptides, active enzyme fractions were separated using SDS gel
electrophoresis, bands were excised, digested with trypsin, separated by High-Performance
Liquid Chromotagraphy (HPLC), and sequenced.

PCR amplification, cloning and sequencing. Standard protocols were used for
DNA cloning and transformation (30). Chromosomal DNA was purified according to Owen
and Borman (27). Purification of PCR-products and Plasmids were performed using Qiaprep
spin colums (Qiagen). Clones were generated in pETBlue-1 (Novagen) or in pDrive (Qiagen).
Sequencing was carried out on an ABI Prism 373 sequencer using ABI Big-Dye sequencing
chemistry (PE Applied Biosystems) at the Stanford Protein and Nucleic Acid (PAN) Facility.
Southern blot analysis was performed using dioxiginin labeled probes following the Genius kit
protocol (Boehringer Mannheim).

Based on the N-terminal amino acid sequence (EANSTKDQPWYVKHREHFDP) and
on one internal amino acid sequence (DALFYAVTQPF) of the 62 kDa peptide (see below),
degenerate oligonucleotides were designed: Nterm13F (5’-ACV AAR GAY CAR CCD TGG
TA-3) and Intern4R (5°-TTY TAY GCM GTI ACV CAR CC-3’). PCR-conditions were as
follows: 100 ng of genomic DNA, 200 nM of each primer, 200 uM dNTP, 1 U Tagq
Polymerase in PCR-buffer with 1.5 mM MgCl, (Roche). PCR-parameters were as follows: 3



min at 92°C, 30 cycles of 1 min at 94°C, 1 min at 47 °C, 1 min at 72°C, followed by 5 min at
72°C. A single amplification product of 292 bp was cloned into pET-Blue and was used to
generate a probe for Southern blot analysis.

Southern blot analysis with genomic DNA from the VC-degrading mixed culture
identified a 3.0-kb HindlIII fragment, a 3.0-kb Accl fragment, and a 1.6-kb Sspl fragment that
hybridized to the probe. Subsequently, inverse-PCR with genomic DNA from the VC-
degrading mixed culture was carried out as described below. Genomic DNA was digested with
Sspl, the reaction mix was purified with Qiaprep spin colums, and the digested DNA ligated
(0.5 ng/ul) with T4 DNA Ligase in the presence of ATP overnight at 12°C. The ligated DNA
was purified with Qiagen-Plasmid Preparation and used in inverse-PCR amplification. Based
on the previously determined 292 bp DNA sequence, primers verSspf (5’-CTA TTT TAC
GCC GTC ACC CAA CCT-3’) and verSspr (5°-TGT AAT CGT AGG GTC AAA ATG
CTC-3’) were designed. The Reaction contained 25 ng/ul circularized DNA, 150 nM of each
primer, 200 uM dNTP, 1 U Tag Polymerase in PCR-buffer with 1.5 mM MgCl,, and Q-
solution (Qiagen) in a total volume of 20 ul. PCR-parameters were as follows: 3 min at 92°C,
35 cycles of 1 min at 94°C, 1 min at 56 °C, 2 min at 72°C, followed by 7 min at 72°C. A
single 1.4-kb fragment was amplified, cloned, and sequenced. Based on this sequence, the
primer pair verAcc/Hinf (5°-ACG CGA GAT GGG GTT TGT A-3’) and verAcc/Hinr (5°-
AAT TCG CTT CTT TTG CTC TTC AC-3’) was designed for a second round of inverse-
PCR with genomic DNA digested with Accl or Hindlll, respectively. The MgCl,
concentration in the PCR-mixtures was raised to 2.0 mM. PCR-parameters were as follows: 3
min at 92°C, 35 cycles of 1 min at 94°C, 1 min at 51 °C, 3 min at 72°C, followed by 7 min at
72°C. A single 2.8-kb fragment from each PCR-reaction was amplified, cloned, and sequenced.
To obtain further downstream sequence, a new probe for Southern blotting was generated
from the 3’-end of the HindlIIl fragment. This probe hybridized to a 1.5 kb Ncol fragment.
Inverse-PCR with Ncol-digested genomic DNA yielded a 1.1-kb fragment. Primers and PCR-
parameters were as follows: verNcof (5°-GCA AAA CGG CAG ACA GGTA TTA TC-3°)
and verNcor (5°-GCC ACG CCC AAC TGA ATA GG-3°); 3 min at 92°C, 35 cycles of 1 min
at 94°C, 1 min at 56 °C, 3 min at 72°C, followed by 7 min at 72°C. The sequences of verd and
verB were verified by PCR-amplification with Pfir polymerase (Stratagene) and sequencing
products from three independent PCR assays.

For PCR-amplification of verAB operons from other VC-degrading mixed cultures
(KB-1, Pinellas-culture, WS) the following degenerate primers were designed: 5°-
ACVAARGAYCARCCDTGGTA-3’ and 5’-TYGGTCCYTCYTCYTTCC-3". A single 1392
bp product was obtained from each culture, cloned, and sequenced. The flanking regions of
those products were PCR-amplified using primers designed from the verAB genomic locus of
strain VS. The possibility of a contamination of the three mixed cultures with strain VS was
excluded by amplification of the vcr4AB operon from genomic DNA isolated externally and by
testing for the presence of the 16S rRNA gene of strain VS in those cultures.

For PCR-amplification of verAB operon from groundwater samples, total DNA from
sediment material of 2 liters of groundwater samples was isolated with the UltraClean™ Soil
DNA Isolation Kit (Mo Bio Laboratories, Inc.). The following primer pair was used: 5’-
CTATGAAGGCCCTCCAGATGC-3’ and 5’-GTAACAGCCCCAATATGCAAGTA-3".

Reverse-Transcriptase PCR (RT-PCR). Total RNA was prepared from cells in mid-
log phase by a combination of TRIzol®-extraction (Invitrogen) and RNA clean-up with the
RNeasy Mini Kit (Qiagen). DNA was removed from the RNA by three treatments with
RNase-free DNase I (Qiagen). cDNA was synthesized from 0.2 to 0.8 ug RNA and 2 pmol of



specific primer with SuperScript I RNAase H Reverse Transcriptase (Invitrogen) as
described by the supplier. The PCR amplification mixtures contained 6 ul cDNA, 200 nM of
each primer, 200 uM dNTP, 1 U Tagq Polymerase in PCR-buffer with 1.5 mM MgCl.,.

For amplification of parts of vcrd, verB, verC, and intergenic regions of verd and
verB, and verB and verC, five sets of primers were chosen for RT-PCR: verAf (5°-TGC
TGG TGG CGT TGG TGC TCT-3’) and verAr (5°-TGC CCG TCA AAA GTG GTA
AAG-3’); verBf (5°-CTT GGC ATA TTG GGG CTG TTA C-3°) and verBr (5°-ATT TGT
CTA CCC TGC GTC TTA CTG-3’); verCf (5’-GTG GCC CTC TTA CGG TTG TT-3”)
and verCr (5’-CTAAGTGGCGAGAAAGAATAATG-3’); verABf (5’-AAA ATA GTAAA
AGG TGT TGT TGC-3’) and verABr (5’-TAT TTG TCT ACC CTG CGT CTT A-3°);
verBCt (5°-TGC GGC AAG ATC AGT AAG ACG-3’) and verBCr (5’-GTA AGA GGG
CCA CCA TAA CCA TAG-3’). PCR-parameters were as follows: 3 min at 92°C, 30 cycles
of 0.45 min at 94°C, 1 min at 55°C for the primer pairs vcrAf/verAr, verBf/verBr, verCf/verCr,
and verBCf/verBCr, and at 50 °C for primer pair verABf/verABr, 1 min at 72°C, followed by
7 min at 72°C.

To determine the region of the transcriptional start site of verABC, the following
primer pairs were used: verT1f (5°-TAT CTT TGC GTA TTT TGT GC-3’) and verTlr (5°-
GCC CGC TGA TCC CCT CTC-3%); verT2f (5°-TTG TAC TGA GGA AAC GCT TAT
GG-3’) and verT2r (5°-GCC CGC TGA TCC CCT CTC C-3’); verT3f (5°-CTT ATG GAT
ATT TGG CGT TCA GGA -3’) and verT3r (5°-AAT TCG CTT CTT TTG CTC TTC
ACC-3’). PCR-parameters were essentially as above with an annealing temperature of 51°C.

Computer analysis. The nucleotide and amino acid sequences were analyzed using
the DNAStar software package (DNASTAR, Madison, WI), as well as Simple Modular
Architecture Research Tool SMART (http://smart.embl-heidelberg.de). Preliminary sequence
data was obtained from The Institute for Genomic Research website at http://www.tigr.org
and from the Joint Genome Institute (http://www.jgi.doe.gov).

Nucleotide accession number. All sequence data have been deposited in the
GenBank data base under accession no. AY322364.

RESULTS

Cultivation of Dehalococcoides sp. strain VS. Anaerobic dehalogenation of VC was
studied with a mixed bacterial culture (Victoria culture) comprised to greater than 99 % of
small cocci. The culture was grown in reduced mineral medium with VC or 1,1-DCE as
electron acceptor, H, as electron donor, and acetate as a carbon source. An axenic culture of
those small cocci was obtained since then (J. A. Miiller, G. Meshulam Simon, and A. M.
Spormann, unpublished data), and its 16S rRNA gene sequence was found to be identical to
that of our previously described Dehalococcoides-like bacterium VS (3). The mixed culture
contained low numbers of three morphologically different types of organisms. These
microorganisms were rapidly enriched for with either pyruvate or vanillate instead of VC as
catabolic substrate. After four consecutive transfers (1 %, v/v) in the presence of pyruvate or
vanillate, these cultures had lost the ability to reduce VC and the small cocci could not be
detected microscopically.

Partial purification and characterization of VC reductase. Our previous work
had shown that the VC-reductive dehalogenating activity of the mixed culture was associated
with the bacterial membrane fraction (29). For purification of VC-reductase, the highly
enriched mixed culture was grown for 2 months in 20 1 medium containing either VC or 1,1-
DCE as electron acceptor and H, as an electron donor. Cell-free extract was prepared



anoxically, and VC-reductive dehalogenating activity was solubilized from membranes in the
presence of 2 mM CHAPS. The VC-reductase was partially purified about 4 fold to an
apparent electrophoretic homogeneity of 50 % by means of anion exchange chromatography
and gelfiltration (Table 1, Fig. 1). A single peak of VC-reductase activity was obtained at both

TABLE 1. Purification scheme for VC reductive dehalogenase of Dehaloccoides strain VS

Step Protein Activity” Sp act Yield Purification
(mg) (mU) (mU/mg (%) factor
protein)
Cell-free extract 40.5 8910 220 100
Membrane fraction 16.2 5612 346 63 1.5
Solubilized 9.9 3047 308 34 1.4
membrane fraction
Anionic exchange 0.9 607 638 7 2.9
chromotagraphy
Gelfiltration 0.5 449 990 5 4.5

“Activity was monitored as described in Materials and Methods by gas chromatography with reduced methyl
viologen as electron donor (29), and given activities are means of at least three independent measurements. One
milli unit (mU) activity is defined as the rate of reduction of one nmol VC per minute.

chromatographic steps, suggesting that only
one such enzyme was present in the culture. -
However, the activity eluted during
gelfiltration as a relatively broad peak which

was likely due to aggregation and/or micell 62 kDa
formation of the detergent. During the anion -
exchange chromatography step, a high — —

45 kDa

percentage (up to 90 %) of the enzyme
activity was irreversibly lost. Slightly better
recovery of the activity was achieved with
the pH of the elution buffer adjusted to pH
9.6 from 7.4, or 8.5, respectively. Addition of
glycerol (20 %) to the buffer or varying the FIG. 1. S]?S-polyacrylamlde gel of partially purified
det t trati 05 to 10 mM) did VC-reductive dehalogenase (7 ug) of Dehalococcoides
© ergen concentration (0.5 to m ) .1 sp. strain VS. Lane 1, molecular weight standard
not increase the recovery of activity. (BioRad) with sizes (in kDa) of 250, 150 100, 75, 50,
Att ts to furth ify  VC-reduct 37, and 25; lane 2, active fraction after gelfiltration
cmpts 1o further purily TeAuCtase  yith sizes of major peptides indicated. The gel was
with  additional chromatographic  steps stained with Coomassie Brilliant Blue R-250.
(sequential anion exchange chromatography at
different pH-values, hydrophobic interaction chromatography, hydroxyapatite, native- and
blue native gel electrophoresis) were unsuccessful. In those latter cases, recovery of activity
was essentially zero. Therefore, low yields after chromatographic steps in combination with
low available biomass at the onset impeded purification of the protein to homogeneity. After
gelfiltration, protein fractions with VC-reductase activity displayed two major bands on SDS-

PAGE gels, corresponding to an apparent molecular mass of 62 kDa and 45 kDa (Fig. 1).




These two peptides were estimated to comprise 95 % of the total protein in active fractions.
Minor peptide bands of 30, 34, 76, 107, 140 and 175 kDa were also present. However, the
bands at 30, 34, 76, 140 and 175 kDa were not detectable in all FPLC-fractions where VC-
reductase activity was found (data not shown).

Active protein fractions obtained after gelfiltration catalyzed the reduction of VC (350
nmol min' [mg protein]™') and all three DCE-isomers at high rates (350 - 390 nmol min™' [mg
protein]') with reduced methyl viologen as electron donor. The DCE isomers were first
dehalogenated to VC, which was then further reduced to ethene. Reduction of TCE to ¢cDCE
was very slow and occurred at only 5 % of the reduction rate for cDCE to VC. PCE was not
transformed during the course of the enzyme assay (2 h). The reduction rate of VC was not
affected in the presence of saturating concentrations of PCE or TCE. Thus, the enriched
enzyme has preferred substrate specificity to VC and DCEs over TCE and PCE and was
therefore designated as VC-reductase. The VC reductase activity was sensitive towards
exposure to air with an activity half-life 5 + 3 min.

The N-terminal amino acid sequences of the two major peptide bands of 62 and 45
kDa as well as of the minor peptide band of 107 kDa were obtained. Furthermore, internal
peptides of the 62 kDa band were obtained after a tryptic digest of the excised band. The
amino acid sequence of the N-terminus of the 62 kDa  peptide
(EANSTKDQPWYVKHREHFDP) was found to be similar to a 20 amino acid region of the
N-terminus of TceA from D. ethenogenes (14). The sequence run showed no indication of
background protein contamination. Three internal peptide fractions obtained after tryptic
digestion of the 62 kDa peptide band were sequenced. Two of those fractions appeared to be
homogenous [peptidel: VYEGPPDA(P)FT(S/T) and peptide2: VGTLVQMEF(L); ambiguous
amino acid residues in parenthesis]. The third fraction contained two different peptides
(peptide3: DALFYAVTQPFPG and peptide4: ESIXTFTLP) of roughly equal abundance. All
four sequences were found to have moderate identity (25 — 33 %) with internal sequences of
TceA.

The N-terminus of the 45 kDa peptide (AVREQVYGFFIPSVTLIGIG) was nearly
identical to N-termini of some alcohol dehydrogenases. A BLASTP search in the deduced
proteome of D. ethenogenes using the complete sequence of the alcohol dehydrogenase with
the most similar N-terminus (accession number ZP_00128696) revealed a putative alcohol
dehydrogenase gene located about 30 kb distant from zce4B. Interestingly, this 30 kb region
contains almost exclusively phage-related genes and genes involved in DNA-recombination.

The N-terminus of the 107 kDa peptide [ANQD(W)SKISLPGSGATG(G/A)YV] was
highly similar (90 % identity) to a amino acid sequence in the N-terminal region of a deduced
protein of D. ethenogenes. This protein of a predicted molecular mass of 106 kDa showed no
significant similarities to any other protein in the databases.

Based on the abundance of the 62 kDa peptide in active protein fractions, the
molecular similarity of this protein with other known reductive dehalogenases, as well as the
absence of any other obvious candidate protein, we concluded that the 62 kDa peptide
constitutes the catalytically active subunit of the VC-reductase.

Cloning of the genes encoding VC-reductase. Degenerate oligonucleotide primers
were designed from the N-terminal amino acid sequence and one internal sequence of the 62
kDa peptide (see Material and Methods). PCR-amplification with those primers yielded a
single 292 bp product, which, after sequencing, was found to be comprised of a single open
reading frame (orf). The predicted amino acid sequence of this orf included the amino acid
sequences of the N-terminus as well as those of peptidel and peptide3 of the 62 kDa peptide.



A probe generated from the 292 bp fragment was found in Southern blot analyzes to hybridize
to a 1.6 kb Sspl fragment, a 2.8 kb Accl fragment and a 2.8 kb HindIIl fragment of restriction
enzyme-digested genomic DNA of the mixed culture. The flanking DNA regions of the 292 bp
product were subsequently amplified by several inverse PCR reactions using circularized Sspl-
, Accl-, HindIlI-, and Ncol-digested genomic DNA as templates. The respective PCR-products
were sequenced, and the four sequences were assembled into a 5.1-kb contig revealing four orfs
(Fig. 2). The N-terminus and all 4 internal peptide sequences of the 62 kDa peptide were

0 kb 1 kb 2 kb 3 kb 4 kb 5 kb
L 1 1 1 L L
1 I 1 1 1 1 1 1
Accl Hindlll |Hind||| Sspl Accl Ncol Hindlll Ncol
Sspl

—  ssr > vcrA > vch>— verC

FIG. 2. Physical map of the ver gene locus in Dehalococcoides sp. strain VS. The location and direction of open
reading frames are indicated by arrows. Relevant restriction enzyme recognition sites are shown.

present in one orf, designated vcrA4 (for vinyl chloride reductase). The deduced VerA sequence,
however, contained an isoleucine at position 330 instead of the (ambiguous) leucine as
indicated by the peptide2 sequence. A second orf, designated vcrB, was found immediately
downstream of vcr4 (Fig. 2). An orf that started 228 bp downstream of verB was found and
designated verC. One additional orf upstream of verd was identified and designated ssr (for
site-specific recombinase, see below).

Computational analysis of verdA and VerA. The verd gene is 1560 bp in length and
predicted to encode a polypeptide, VcrA, of 519 amino acids with a calculated molecular mass
of 57,506 Da. The GC content of vcrd (44.6 %) is similar to the GC content of the D.
ethenogenes genome (48.9 %) and the average GC content of the putative dehalogenase genes
(48.3 %) in this organism. A putative ribosome binding site and a sigma70-type promoter
sequence (see below) were found upstream of the predicted start codon of vcrA. The N-
terminal amino acid sequence of the partially purified vinyl chloride reductase matches amino
acid residues at positions 44 to 63, respectively, of VcrA, consistent with the predicted
polypeptide containing a leader sequence, which is cleaved off, leaving a mature polypeptide
of 476 amino acids with a calculated molecular mass of 53,115 Da. The proposed leader
sequence containing a twin-arginine motif (Tat-motif) is predicted by motif-search using
SMART (http://smart.embl-heidelberg.de), and is similar to those found in other reductive
dehalogenases (14, 16, 23, 33, 35). Two motifs for iron-sulfur clusters were identified at
positions 400-411 and 444-456. Both motifs are similar to the ferredoxin-type 4Fe4S-cluster
(CX,CX,CX5CP); here with the variations that the first motif contains a valine after the
fourth cysteine instead of the canonical proline, and the second motif displays three amino
acids between the first two cysteines instead of two as in the consensus sequence. As for all
other reductive dehalogenases, the described binding motif for corrinoids (DXHX,G) found in
various corrinoid-containing enzymes (12) is absent in VcrA.

The sequence of VcrA was aligned with those of described reductive dehalogenases
(Fig. 3), as well as with putative dehalogenases identified in the genomes of D. ethenogenes
and Desulfitobacterium frappieri. Closest similarity (36 % identity) was with TceA from D.
ethenogenes. ldentities with PCE dehalogenases from Sulfurospirillum [formerly
Dehalospirillum (13)] multivorans (PceA-Sm) (23), Dehalobacter restrictus (PceA-Dr) (17),
and Desulfitobacterium sp. strain Y51 (PceA-Y51) (33), and ortho-chlorophenol reductive
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dehalogenase from Desulfitobacterium dehalogenans (CprA) (35) were between 14 and 19 %.

VcrA was more identical to the putative dehalogenases from D. ethenogenes (up to 34 %
identity) than to that of Ds. hafniense (up to 23 % identity). In addition to the leader sequence

-terminal two iron-sulfur cluster motifs, several highly conserved amino acid

and the C

present in VcrA and all other reductive

dehalogenases. Furthermore, the sequence in VcrA ranging from amino acid 198 to 215

1S

b

residues, including a conserved histidine, H469

displays strong similarity to a region in TceA and all putative dehalogenases from D.

ethenogenes.

a gene of 282 bp, is located 41 bp

downstream of vcr4 and preceded by a putative ribosome binding site. The 94, predominantly

b

Computational analysis of verB and VerB. verB

,641 Da (VcrB).

Sequence analysis of VcrB with Protean (DNAStar) and SMART predicted the presence of

hydrophobic amino acids account for a calculated molecular mass of 10

three transmembrane spanning regions (not shown). The predicted VerB sequence shows some
identity to proposed membrane anchors (B-proteins) for described as well as putative

reductive dehalogenases. The most similar sequence to VcrB was TceB with 43% identity.

. heme, NAD/FAD,

-sulfur cluster

Canonical binding motifs for redox-active cofactors, i.e, iron

or flavin were not detected in VerB.



Computational analysis of verC and VerC. The presumed start codon of verC is
228 bp downstream of verB. No transcriptional stop codon for verC was found in the DNA
fragment analyzed. The partial verC gene translates into a protein, VerC, of at least 305 amino
acids with a calculated molecular mass of at least 33,363 Da. Four potential membrane-
spanning helices can be predicted to occur in VerC (not shown). The amino acid sequence of
VerC displays some similarity (25 % identity) to CprC from D. dehalogenans. CprC was
postulated to function as a NosR/Nirl-type transcriptional regulator in ortho-chlorophenol
respiration (31). Four orfs similar to VerC were also found in the deduced proteome of D.
ethenogenes (38 - 47 % identity). Two of those are located at loci next to genes encoding
putative dehalogenases. The other two orfs are located directly downstream to homologs of
tatB and tatC, components of the translocation apparatus for proteins carrying the Tat-motif.
Transcriptional organization of verd, verB, and verC. Transcription of verd, verB,
and vcrC was mmvestigated in a series of reverse transcriptase experiments. Reverse
Transcriptase-PCR was performed on RNA isolated from VC-grown cells. RT-PCR assays
with primer pairs designed to amplify internal fragments of verd, verB, and verC,
respectively, yielded products of the expected sizes (Fig. 4). PCR-products were also
obtained for the intergenic
regions of verd and verB as
A vcrA vcrB vcrAB verBC verC well as of verB and verC. The
RNA-specific recovery of
these products demonstrates
that verd, verB, and verC are

ge¥ g Tweg Ty ¥E RS expressed as a polycistronic
e % unit during growth on VC.

B NS AN Two DNA sequences
42— upstream of verd were nearly
G & omodeom & o= B o= identical to the -10 and -35

; : regions of an E. coli o70-
FIG. 4. Reverse Transcriptase-PCR (RT-PCR) analysis of verd, verB, and gl

verC in Dehalococecoides sp. strain VS. (A) Transeriptional organization promoter (Flg 5). RT-PCR
of verd, verB and verC as an operon in strain VS. Agarose gel y

electrophoresis of RT-PCR assays with primers targeting verd. verB, and agsya ] were  conducted  to
verC, and intergenic regions of verd and verB, and verB and verC, determine whether the

respectively. (B) Transcription of verd in strain VS, and in the mixed 5 =g =
cultures Pinellas, WS, and KB-1. "g" stands for genomic DNA as template, transcrip tional start site of the

"+" for assays with RNA as template and conducted with Reverse verABC  operon is located
Era:uscriptase, a1_1d e fO.!' assays with RNA as t:?mplate conifluct:d without downstream of that o70-
everse Transcriptase. Sizes of products are indicated and were as

predicted (for verA 441 bp, for verB 172 bp, for verAB 452 bp. for verBC promoter consensus sequence.
429 bp, for veBC 445 bp). Absolute positions of used primers, verAf, PCR product Eiineil
2601-2711; verAr, 3111-3131; verBf, 3773-3793; verBr, 3921-3944; PFEGIEAS “WEre: CLoaNe

verCf, 4346-4365; verCr, 4767-4790; verABf, 3472-3494; verABr, 3924- only with forward primers
3945: verBCE, 3910-3930; verBCr. 4335-4358.

matching regions downstream
but not upstream of the
putative transcriptional start site. These results map the transcriptional start of the wver
operon to a region containing a 670-type promoter sequence.

DNA region upstream of vcr operon. Upstream (850 bp) of the start-codon of verA,
an open reading frame, ssr, of 972 bp was identified (Fig. 2). It translates into a predicted
protein of 324 amino acid residues with a calculated mass of 36.553 Da. A BLASTP search
revealed low similarity (25 — 28 % 1dentity) to site-specific recombinases of the resolvase
family containing a Pin domain (28). A putative ribosome binding site was not identified
immediately upstream of the start codon.



Presence of verAB homologs in other cultures containing Dehalococcoides spp.
Degenerate PCR primers were designed and used to probe for the presence of the verd gene in
three mixed cultures KB-1 (17), Pinellas (5), and WS (W. Wu, unpublished data). These
cultures contain Dehalococcoides-like organisms that can grow by reductive dehalogenation of
VC to ethene (Cupples, A. M., A. M. Spormann, and P. L. McCarty, submitted for
publication). PCR products of size of 1393 bp were obtained from genomic DNA of all three
cultures. The products were cloned and sequenced, and found to be highly similar to the
corresponding sequence of vcrd previously identified in Dehalococcoides sp strain VS.
Additional primers were designed to amplify the complete ver4 and verB genes from those
cultures. The thereby obtained nucleotide sequences showed high identities (> 98 %) to vcrAB
of Dehalococcoides sp. strain VS, and the deduced amino acid sequences contained only a few
conservative changes suggesting that they are true homologs. The expression of verd during
growth of KB-1, Pinellas, and WS with VC electron acceptor was demonstrated by RT-PCR
analysis (Fig. 4). Dehalococcoides strains 195, CBDB-1 (1) and a culture containing strain FL-
2 (11) were examined for the presence of a ver4 homolog by PCR. None of these cultures have
been reported to grow by reductive dehalogenation of VC. With the primer set used, no PCR
product was obtained with genomic DNA from those cultures as template (data not shown).

Detection of a verAB homolog in contaminated groundwater samples. The strong
correlation of the presence of a ver4 homolog with reductive VC dehalogenation, as observed
in the above described dehalogenating culture, suggested that the verAB sequence could be
useful as a molecular probe for testing for in situ VC-reduction potential at contaminated field
sites. Such molecular probes could prove valuable when evaluating, monitoring or predicting
complete removal of chlorinated ethenes from groundwater in field scale bioremediation
projects. Therefore, we queried for the presence of the verAB genes groundwater samples from
a chlorinated ethene-contaminated aquifer at Moffett Field, CA, where complete reductive
dehalogenation to ethene was achieved through biostimulation of indigenous microorganism
(2). DNA extracted from groundwater wells exhibiting VC reduction as well as from areas
where VC dehalogenation did not occur was used as template in PCR experiments using the
primers described above. PCR products were obtained only from groundwater samples
undergoing VC reduction to ethene. One of the PCR-products was sequenced, and its vcrAB
genes were found to be nearly identical (> 98 %) to those obtained from Dehalococcoides sp.
strain VS.



DISCUSSION

Reductive dehalogenation of VC has long been considered as the most critical step for
complete anaerobic removal of PCE/TCE from groundwater and contaminated soils (20), but
the molecular features of reductive VC dehalogenation have been largely unknown. Here, for
the first time, a VC-reductive dehalogenase was partially purified, and its encoding genes,
verAB, were identified and characterized. Furthermore, a strong correlation between the
presence of vcrAB in other cultures and catabolic reductive VC dehalogenation was found. A
PCR assay testing for the in situ presence of verAB was successfully developed and used on
groundwater samples from a site contaminated with chlorinated ethenes. The data suggest that
the verAB genes identified here may be widely distributed, be of relevance for in situ VC-
reductive dehalogenation, and be a useful target for molecular probing of samples from
chloronated ethene-contaminated sites.

The VC reductive dehalogenase was partially purified from a highly enriched culture of
Dehalococcoides sp. strain VS. The partially purified enzyme reduced VC and the three DCE
isomers with similar high rates. TCE was reduced with significantly lower activity, and PCE
was not converted. This is in agreement with our earlier results on chloroethene reduction rates
in cell-free extract of the parent mixed culture (29). As with most other chloroethene reductive
dehalogenases, VC reductive dehalogenase was associated with the membrane fraction, which
is consistent with this enzyme being involved in energy conservation during VC reduction to
ethene. Analysis of the identified genes encoding VC reductase revealed that this enzyme is a
novel member of the family of corrinoid/iron-sulfur cluster containing reductive dehalogenases.
The hydrophobic VcrB protein presumably acts as a membrane anchor for the catalytic
subunit of VC reductase. The VcrC protein likely plays a role in regulation of transcription of
the ver operon. The precise function, however, remains to be elucidated.

Chlorinated ethenes have been assumed to be introduced into the environment
essentially due to human activities within the last decades, although this has been questioned
recently for VC (10). Interestingly, the vcr operon is downstream of a putative site-specific
recombinase gene. It is noteworthy that also tceAB in D. ethenogenes 195 (The Institute for
GenomicResearch, Bethesda, Md) and pcedAB in Desulfitobacterium sp. strain Y51 (33) are
located in close proximity to putative transposase genes. While the evolutionary origin of
those reductive dehalogenases remains unknown, it is tempting to speculate that the parent
genes might have encoded enzymes catalyzing the reductive dehalogenation of naturally
occurring chlorinated compounds, and that through recent gene duplication/transposition,
mutation and selection the substrate specificity towards the anthropogenic chlorinated ethenes
was acquired.

So far, only microorganisms affiliated with the Dehalococcoides-group are known to be
able to grow on VC. Because not all Dehalococcoides strains use VC as catabolic electron
acceptors (8), simply demonstrating the presence of members of the Dehalococcoides-group
(based on phylogenetic analysis) at chlorinated ethene-contaminated sites is insufficient for
predicting growth-linked, hence rapid, VC degradation. The occurence and expression of
homologs of verAB in cultures containing Dehalococcoides-like organisms growing on VC, but
not in members of the Dehalococcoides-group which are unable to grow by reductive
dehalogenation of VC, strongly suggest that the vcr4B gene sequence can be used to determine
the presence of VC-respiring bacteria at contaminated field sites. Indeed, during this study the
presence of verAB in a contaminated aquifer undergoing complete reductive dehalogenation of
chlorinated ethene to ethene was demonstrated. This methodology could allow for better
assessing the potential for biological degradation of chlorinated ethenes at numerous



contaminated field sites, and, in combination with bioaugmentation, may become a powerful
tool for the clean-up of chlorinated solvents.
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Summary

We report an integrated approach that addresses the complex interplay of structure and
function in a PCE dechlorinating anaerobic microbial community. The microbiologically-
mediated reductive dehalogenation of chlorinated ethenes was used as a model to investigate
the causal relationships between the spatial distribution of dehalogenating bacteria, microbial
dechlorinating activity, gene abundance and expression of process-specific reductive
dehalogenases (RDases). Anaerobic reductive dehalogenation of tetrachloroethene (PCE) was
studied in a laboratory scale flow column using soil from contaminated field sites and
Dehalococcoides cultures which have been linked to the reductive dehalogenation of
chlorinated ethenes. Using real-time PCR targeting process-specific RDase genes we could
link the expression of different RDase genes to the transformation of PCE and lesser
chlorinated ethenes in different column sections on a subspecies-level of resolution. We found
strong support for causal relationships between in situ microbial dechlorinating activity and
the reductive dehalogenation of chlorinated ethenes. Variability in RDase gene expression
was not reflected by Dehalococcoides cell numbers. However, the detection and
quantification of metabolic dechlorinating activity at subspecies-level resolution provides
accurate means for monitoring and evaluation of bioremediation on the basis of individual
activities of Dehalococcoides strains.

Introduction

Microbial communities are defined by a complex interrelationship between microbial geno-
and phenotypes and by the interaction of each community member with the physical-chemical
environment. A profound knowledge of the physiology and ecology of microbial communities
is essential to manage their application in contaminant removal to protect and sustain human
and environmental health.

Tetrachloroethene (PCE) and trichloroethene (TCE) are the most abundant groundwater
contaminants in the United States (35). Dehalococcoides species are able to couple the
reductive dehalogenation of PCE to growth. They can transform PCE in a four-step series of
reductive dechlorination reactions via the intermediates TCE, cis-dichloroethene (DCE), and
vinyl chloride (VC) to ethene. While PCE-dehalogenating bacteria of genera other than
Dehalococcoides dechlorinate PCE to DCE, dechlorination past DCE has been linked
exclusively to members of the genus Dehalococcoides. However, Dehalococcoides strains
differ in their ability to catalyze different steps in the complete dechlorination of PCE.
Dehalococcoides strain 195 and strain FL2 metabolically degrade PCE to VC while the
dechlorination of VC to ethene in these strains is co-metabolic (14, 34, 47). Two other
Dehalococcoides strains named VS and GT dechlorinate TCE to ethene but fail to
dechlorinate PCE (6, 37, 49). Dehalococcoides strain BAV1 dechlorinates DCE isomers and
VC to ethene but does not degrade higher chlorinated ethenes (16). Dehalococcoides strain
CBDBI, initially isolated for reductive dehalogenation of tetra- and trichlorobenzenes,
dechlorinates PCE no further than DCE (1, 24). In order to reveal the contribution of different
Dehalococcoides strains to the overall dechlorinating activity of an anaerobic microbial
community inhabiting a PCE dechlorinating flow column we analyzed the abundance of
specific Dehalococcoides strains and the expression of functional genes catalyzing various



dechlorination reactions. The continuous flow column served as a model system to apply
molecular tools to quantify the abundance and activity of Dehalococcoides subpopulations
under relevant environmental conditions.

Analyzing the strain diversity of Dehalococcoides species is a challenging task because cell
abundance is low and species are very closely related based on 16S rRNA gene sequence
comparison. Recent studies have demonstrated that common phylogenetic markers, like the
16S rRNA gene, are not sufficient to distinguish between closely related Dehalococcoides
strains exhibiting different dechlorinating activities (9, 15, 42, 43). However, molecular
probing of genes that encode enzymes catalyzing different dechlorination reactions provides
the resolution to distinguish between Dehalococcoides strains with different metabolic
abilities to grow with chlorinated ethenes as electron acceptor.

Reductive dehalogenases (RDases) are the key enzymes in the respiratory chain of
halorespiring microorganisms. Whole genome sequencing revealed that Dehalococcoides
microorganisms contain multiple non-identical RDase gene copies (24, 47). Phylogenetic
sequence comparison led to the identification of subclusters of highly similar reductive
dehalogenase homologues (rdh) that are shared by different Dehalococcoides strains (19, 51).
Nevertheless, the two complete Dehalococcoides genome sequences revealed that 15 out of
32 (46.9%) rdh genes in strain CBDB1 and 7 out of 17 (41.2%) in strain 195 are unique for
the respective strain.

To date three reductive dehalogenases have been characterized biochemically. For
Dehalococcoides strain 195 a PCE (PceA) and TCE (TceA) reductase have been shown to
catalyze the reduction of PCE to TCE (32) and TCE to VC (31), respectively. Mueller et al.
purified and characterized the first VC reductase (VcrA) from Dehalococcoides strain VS.
They showed that the enzyme reduces VC and all DCE isomers at high rates and that the gene
can be found in DNA extracts from field sites contaminated with chlorinated ethenes (37).
Subsequently, transcription analysis of VC-grown Dehalococcoides strain BAV1 cultures led
to the molecular identification of a putative RDase (BvcA) involved in reductive
dechlorination of vinyl chloride to ethene (23). These enzymes are the only reductive
dehalogenases from Dehalococcoides microorganisms for which either direct biochemical or
indirect molecular data strongly suggests a catabolic role in the complete dechlorination of
PCE to ethene. Because of lack of experimental support linking the PCE reductase of
Dehalococcoides strain 195 to the nucleotide sequence of rdh gene DET0318 (40) we focused
our study on the three remaining RDases for which experimental evidence on corresponding
nucleotide sequence information was available (23, 31, 37).

Using newly design primers for the three well-characterized RDase genes, we monitored gene
abundance and expression in DNA and RNA extracts from the soil matrix of a PCE
dechlorinating continuous flow column by quantitative real-time (RT-)PCR. In addition, more
general primers were developed and used to quantify absolute Dehalococcoides and
Eubacterial cell numbers. PCE and VC dechlorination rates obtained from microcosm studies
are discussed in context of total bacterial and Dehalococcoides cell numbers, the abundance
and distribution of different Dehalococcoides subpopulations, and the relative expression of
process-specific RDase genes on the column.

Material and Methods

Column material. The aquifer material was obtained from the Hanford Formation at a quarry
near Pasco, WA and consisted of alluvial deposit of sands and gravels of mixed basaltic and
granitic origin (27). The material was classified as clean sand (SW) with approximately 30%
fine gravels and less than 5% silt and clay. It contained approximately 6 wt % total Fe, 0.15
wt % available Fe, less than 0.001 wt % organic matter. The particle density was 2900 kg/m”.
The sediment was initially screened to remove large particles (> 1 cm) and subsequently
washed several times with tap water. The dry aquifer materials were sifted with a 60 mesh



sieve (0.175 mm openings) to remove fine particulates (Tyler Standard Screen Scale, Mentor,
Ohio).

Column construction and operation. The aquifer material was packed in a glass
chromatography column (30 cm L x 4.5 cm ID; Knontes CHROMAFLEX chromatography
column, Vineland, NJ), sealed with Teflon endcaps. 1/8” PEEK tubing (Upchurch Scientific,
Oak Harbor, WA) was used to connect the column with sampling valves at the column
influent and effluent ends. PEEK tubing was chosen because of its rigidity and low O,
permeability. Tubing and pumps were connected to establish flow from bottom to top. The
column was packed by adding aquifer-material to the top of the column in small increments as
water was slowly pumped upward. No attempt was made to do this anaerobically, since the
sediment had been previously exposed to air. The column was packed with about 1 kg of
aquifer-material yielding a porosity of 0.35 and a pore volume of 192 mL, based on weight
and volume measurements.

Solutions were pumped through the column using a Dionex HPLC gradient pump (Sunnyvale,
CA). The connection tubing in the pump heads was replaced with PEEK tubing to prevent
penetration of atmospheric oxygen. Solutions were pumped through the column at flow rate
of 0.1 mL/min from two reservoirs: one reservoir containing a PCE-saturated solution and the
second reservoir containing synthetic groundwater and lactate as an electron donor (initial
concentration 0.34 mM). The reservoirs consisted of two 5 L Kimble GL-45 media bottles. To
maintain anaerobic conditions in the bottles they were sealed with Kimble “Economy HPLC
3-Hole” caps that were equipped with three -28 ports. The bottles were purged with nitrogen
gas and pressurized at about 10 psi.

The PCE solution was prepared from 5 L of deionized water and 2 mL pure PCE. The
solution was vigorously stirred with a magnetic stir bar while purged for 3-4 h with N, to
obtain a saturated aqueous PCE solution of 1 mM. After purging the bottle was capped and
pressurized. Non-aqueous PCE remained at the bottom of the bottle indicating the solution
was saturated. Throughout the experiment the PCE solution was constantly stirred at low
speed (~60 rpm) to ensure the reagents in the bottle remained well mixed. The pressure on the
reservoirs was checked periodically. The reservoirs were re-pressurized if the pressure
dropped below 1 psi.

Bioaugmentation culture. The column was inoculated with the Evanite (EV) enrichment
culture, obtained from contaminated groundwater at the Evanite site in Corvallis, OR (54).
Under strictly anaerobic conditions the enrichment culture catalyzes the complete
dechlorination of PCE to ethene. Hydrogen or butanol were used as sole electron donors. Yu
et al. (2004 and 2005) studied the transformation rate kinetics of complete PCE dechlorination
(55, 56). Maximum utilization rates (kmax) were reported on a protein basis and half-saturation
coefficients (K;) were determined for each dechlorination step. Prior to bioaugmentation of
the continuous flow column the EV culture was maintained in batch fed reactors
supplemented with PCE and butanol as described previously (55).

Experimental design. The chronology of column performance has been describes elsewhere
(companion paper Azizian et al. in preparation). In brief: Bromide tracer and PCE transport
tests were performed in deionized water. Aqueous solutions of 0.6 mM bromide and 0.09 mM
PCE were pumped through the column at a nominal flow rate of 0.1 mL/min and
breakthrough concentrations of bromide and PCE were measured in the column effluent. PCE
was continuously injected for six weeks in order to achieve steady-state effluent
concentrations. The column was then amended with synthetic Hanford groundwater
supplemented with trace elements, vitamins, PCE, and Lactate. Synthetic groundwater was
prepared to approximate the chemistry of Hanford groundwater as reported by Last et al. (25).
It contained 250 M NaCl, 110 M KCI, 140 M Na,SO4, and 1 mM NaHCO; (38). Trace
elements and vitamins were added as anaerobic solutions used to grow the Evanite
augmentation culture (55). The initial lactate concentration in the synthetic groundwater



reservoir was 0.34 mM. The flow column was inoculated with 20 mL of the EV culture (~ 1.5
mg protein) directly harvested from a batch fed reactor. The EV culture was injected into the
column bottom inlet using a 25 ml gas tight syringe. After eight weeks of column operation
(39 pore volumes) the lactate concentration in the synthetic groundwater reservoir was raised
to 0.67 mM. Sixteen weeks into the experiment (84 pore volumes) the lactate concentration in
the groundwater reservoir was double for a second time to reach a final concentration of 1.34
mM.

Analytical methods. The EPA 502.2 purge-and-trap method (2) was used to determine the
concentrations of PCE and its transformation products, including ethene. Aqueous samples (1
mL) were injected into an HP 7695 purge-and-trap system. The CAHs and ethene were sorbed
onto a Vocarb-3000 trap (Supelco, Bellefonte, PA). A 2 min desorption time at 250°C
provided sharp peaks and good peak resolution. Chromatographic separations were achieved
with a megabore HP-624 column (30 m x 0.53 uM L.D.) from Agilent (New Castle, DE)
operated in a HP6890 series gas chromatograph (GC) connected to a photo ionization detector
(PID) followed by flame ionization detection (FID).

Column sampling. After 170 days (128 pore volumes) of column operation aquifer solids
were sampled for nucleic acid extraction and the construction of microcosms. In order to
maintain anaerobic conditions during the sampling the column was placed in an anaerobic
glove box with an atmosphere of 10% H, and 90% N, The column was split into 6 sections of
5 cm length each. For the 30 cm long column, the following intervals were collected: 0-5 cm,
5-10 cm, 10-15 c¢cm, 15-20 cm, 20-25 cm, and 25-30 cm. The 0-5 cm section was closest to the
column influent port. Section 25-30 cm at the opposite end of the column lay next to the
column effluent port. Aquifer solids were sampled by scooping out solids from the center of
each section with an autoclaved spatula. The column solids were placed in a separate
autoclaved sample container and homogenized before sub-samples for nucleic acid extraction
and microcosm construction were taken. For DNA extraction 20 g of aquifer solids were
placed in 50 mL polypropylene tubes and stored at -20 °C. For RNA extraction aquifer solids
were mixed with equal volumes of RNA stabilization solution (RNAlater”, Ambion, Inc.) and
stored at -80 °C immediately. Homogenized aquifer solids of each of the six column sections
were also used to inoculate fed batch microcosms.

Microcosm studies. Microcosms were constructed to evaluate the rates of PCE and VC
transformation for each column section. They were constructed in an anaerobic glove box
following the procedure described by Yu and Semprini (2002) (57). Approximately 20 g of
homogenized solids were added to autoclaved 156 mL serum bottles. Two sets of microcosm
were constructed for each section to perform kinetic tests on PCE and VC dechlorination.
After distributing solids into the microcosms, 100 mL synthetic groundwater was added to
each microcosm, leaving approximately 55 mL of headspace. The bottles were closed tightly
with butyl rubber septa and screw caps. Electron donor and CAHs were subsequently added
while the microcosms remained in the anaerobic glove box.

Lactate served as electron donor in all microcosm experiments and was added to each bottle
from an anaerobic stock solution to a final concentration of 1 mM. The headspace of the PCE
and VC microcosms was further amended with 3 mL of Hydrogen. 1 mL of 1 mM saturated
PCE solution was added to each PCE microcosm to achieve an aqueous concentration of
about 1.5 mg/L. The anaerobic stock of VC gas was made by adding 10 mL of pure VC to an
Ns-sparged 156 mL Wheaton bottle. 0.9 mL of anaerobic VC stock solution was added to
each microcosm to achieve an aqueous concentration of approximately 1 mg/L.

After electron donor and acceptor addition, the PCE and VC microcosms were analyzed for
their initial rates of dechlorinated product formation. Headspace samples (100 L) were
analyzed by gas chromatography. The H, concentration in headspace of the microcosms was
monitored periodically to ensure ample hydrogen was present. The microcosms were
incubated at 20° C in an inverted position on a rotary shaker at 200 rpm.



DNA extraction. Total DNA from the column soil was prepared according to SDS-based
DNA extraction methods (50, 59). Up to 0.5 g of soil were mixed with 0.25 mL of 1x TE
buffer (100 mM Tris-HCI, 100 mM EDTA, pH 8.0). A spatula tip of acid washed glass beads
(0.1 to 0.15 pum in diameter, Sigma-Aldrich, Inc.) and SDS to final concentration of 2% were
added to the soil slurry. The samples were vortexed shortly and incubated in boiling water for
2 min. Following the incubation in boiling water samples were immediately frozen in liquid
nitrogen and kept on ice until they were completely thawed. The thawed samples were
amended with 0.05 mL of a 10% BSA solution and vortexed for 10 min. After centrifugation
at 4 °C for 3 min at 12,000 xg the soil slurry (~ 0.85 mL) was combined with 0.43 mL
extraction buffer (0.8 M NaCl, 500 mM Na acetate, pH 5.5). Each sample was split in half
and DNA was extracted at least twice with 1.5 volumes of phenol:chloroform:isoamylalcohol
(25:24:1 vol, pH 8.0, Sigma-Aldrich, Inc.) in 2 mL phase-lock tubes (heavy gel, Eppendorf).
After the final centrifugation (5 min, 13,200 xg) DNA in the aqueous phase was precipitated
with 2.5 volumes of absolute ethanol at —20°C for at least 2 hours. The precipitated DNA was
collected by centrifugation for 30 min at 13,200 xg at 4°C. DNA pellets were washed in 75%
ethanol, centrifuged and dried for 15 min at room temperature. DNA was dissolved over night
at 4°C in 40 pL nuclease-free water and aliquots were stored at —20°C.

Preparation of total RNA. Isolation of total RNA was performed after a modified protocol
of Oelmiiller et al. (1990) (39). All solutions were treated with 0.1% (vol/vol)
diethylpyrocarbonate (DEPC, Fluka) and subsequently autoclaved prior to use. Soil samples
in RNAlater® (Ambion, Inc.) were removed from the —80°C freezer and thawed on ice.
Samples were extensively vortexed and 0.5 mL of the RNALater soil slurry were mixed with
10 mL ice-cold AE buffer (20 mM sodium acetate, | mM disodium acetate, pH 5.5). Cells
and soil particles were filtered onto polycarbonate membrane filters (type GTTP, pore size,
0.2 um; diameter, 25 mm; Millipore, Eschborn, Germany) and rinsed with double-distilled
water. For each sample up to 8 membrane filters were collected in 1.8 mL cold AE buffer,
frozen in liquid nitrogen, and stored at —80°C until further usage. Membrane filters were
thawed on ice (4 filter pieces in 0.9 mL AE buffer), mixed with SDS to a final concentration
of 2%, and extracted with an equal volume of hot phenol:chloroform (60°C, 5:1 vol, pH 5.1,
Ambion, Inc.) in 2 mL phase-lock tubes (heavy gel, Eppendorf). Samples were rigorously
mixed by vortexing and incubated at 60°C for 10 min, inverting the tubes every 2 min.
Afterwards samples were centrifuged for 5 min at 13,200 xg at 4°C. The aqueous phase was
supplemented with 3 M sodium acetate, pH 5.5, to a final concentration of 0.3 M and
repeatedly extracted (at least 2 times) with phenol-chloroform (5:1 vol), until no interphase
was visible any more. Nucleic acids were precipitated with 2.5 volumes of absolute ethanol
by incubation at —20°C for at least 16 h over night. Following precipitation nucleic acids were
pelleted by centrifugation for 30 min at 13,200 xg at 4°C. RNA pellets were dissolved in 20
puL RNase-free water and additionally purified from humic substances using the RNA clean
up spin columns from the Fast RNA® Pro Soil-Direct Kit (Qbiogene, Inc). Residual RNA
was removed by incubation with 5 U RNase-free DNase (1U/uL, Roche Diagnostics) in
DNase buffer (40 mM Tris-HCI, 10 mM NaCl, 6 mM MgCl,, and 10 mM CaCl,, pH 8.0) in a
total volume of 100 pL. After DNA digestion RNA was purified with the RNeasy MinElute
Cleanup Kit (Qiagen, Inc.) following the manufacturers instructions. Finally, RNA was eluted
in 14 pL RNase-free water and aliquots were stored at —80°C.

Reverse transcription and PCR. cDNA synthesis from total RNA was carried out following
the manufacturers instructions for the SuperScriptlll Reverse Transcriptase (Invitrogen). In
brief, 0.5 to 5 pg of total RNA were mixed with 250 ng of random hexanucleotides, 500 uM
dNTPs and the final volume was adjusted to 13 pL with RNase-free water. Samples were
heated to 65°C for 5 min and cooled on ice before 4 pL of 5x SuperScriptlll transcription
buffer, 40U RNase inhibitor (Invitrogen), 5 mM DTT, and 200U SuperScriptIIl reverse
transcriptase were added. The total volume of the reaction was 20 pL. Samples were



incubated for 5 min at 25°C, 1 h at 50°C, and 15 min at 70°C. Target RNA was selectively
digested by addition of 2U RNase H and incubation for 20 min at 37°C. Samples with no
reverse transcriptase functioned as negative control.

PCR amplifications were carried out in 0.2 mL thin-walled PCR tubes (E&K Scientific,
Campbell, CA), with 20- or 50 uL volumes containing a final concentration of 0.5 uM of each
primer (Table 1), 200 uM of each dNTP, 0.5 U of Tag-Polymerase (QIAGEN GmbH,
Germany), and 1x QIAGEN PCR buffer containing 1.5 mM MgCl, (pH 8.0). 0.5 pL of the
cDNA reaction mixture was used as template. PCR amplification parameters included an
initial denaturation at 94°C for 5 min, followed by 29 cycles of 94 °C for 1 min, 60 °C for 1
min, and 72°C for 1 min. The last cycle was followed by a final extension step at 72°C for 9
min. PCR amplifications were performed in a PTC-200 Gradient Cycler (MJ Research, Inc.
Watertown, MA). Amplification products were separated in a 5% polyacrylamide gel (1 mm
thick) in 1x TBE buffer (89 mM Tris, 89 mM boric acid, 2 mM EDTA, pH 8.4) and stained

Table 1. PCR primers used in this study

Name Sequence (5° ->3’) Position” Application Specificity
Eub341F CCTACGGGAGGCAGCAG 341-357 real-time PCR Eubacteria, 16S rRNA genes
Eub534R ATTACCGCGGCTGCTGGC 534-517 real-time PCR Eubacteria, 16S rRNA genes
DehaloS0SF GGCGTAAAGTGAGCGTAG 505-522 real-time PCR Dehalococcoides spp., 16S rRNA genes
Dehalo686R GACAACCTAGAAAACCGC 703-686 real-time PCR Dehalococcoides spp., 16S rRNA genes
verA880F CCCTCCAGATGCTCCCTTTA 880-899 real-time PCR Dehalococcoides sp. strain VS
verA1018R ATCCCCTCTCCCGTGTAACC 999-1018 real-time PCR Dehalococcoides sp. strain VS
bvcA277F TGGGGACCTGTACCTGAAAA 277-296 real-time PCR Dehalococcoides sp. strain BVAI
bvcA523R CAAGACGCATTGTGGACATC 504-523 real-time PCR Dehalococcoides sp. strain BVAI
tceAS11F GCCACGAATGGCTCACATA 511-529 real-time PCR Dehalococcoides ethenogenes strain 195
Dehalococcoides sp. strain FL2
Bacterium PM-VC1, RC-VC2, YK-TCE1
tceA817R TAATCGTATACCAAGGCCCG 798-817 real-time PCR Dehalococcoides ethenogenes strain 195

Dehalococcoides sp. strain FL2
Bacterium PM-VC1, RC-VC2, YK-TCE1

with ethidium bromide (45).

Real-Time Quantitative PCR. The relative quantification of genes and transcripts in the
aquifer solids from the continuous flow bioreactor was performed using the iQ SYBR Green
Supermix (BioRad Laboratories, Hercules, CA) and gene specific primers for different
reductive dehalogenases (Table 1). Each sample had a 30 _L reaction volume containing, 1 x
iQ SYBR Green Supermix, forward and reverse primers at a concentration of 500 nM, and 6
or 2 L of the prepared DNA or cDNA, respectively. PCR amplification and detection were
conducted in an iCycler (BioRad Laboratories, Hercules, CA). Real-Time PCR conditions
were as follows: 3 min 95 °C followed by 50 cycles of 10 sec at 95 °C and 45 sec at 61.5 °C.
The amplification program was succeeded by a melt curve analysis starting with the
incubation of the PCR product for 1 min at 95 °C and 1 min at 55 °C followed by 80 ten
seconds cycles in which the temperature was increased by 0.5 °C each cycle. Each reaction
(primer/template combination) was performed in triplicates and triplicate measurements were
repeated twice on independent nucleic acid preparations. To verify amplification and correct
amplicon size, aliquots from real-time PCR were examined on ethidium bromide-stained 5%
polyacrylamide gels. For real-time PCR data analysis the background subtracted raw data was
exported from the iCycler system and analyzed using the ‘Real-Time PCR Miner’ algorithm
available online at http.//www.miner.ewindup.info/. This objective and noise-resistant
algorithm calculates the efficiency and threshold cycle based on the kinetics of individual
real-time PCR reactions without the need of a standard curve (58). The relative rDH gene
abundance and expression was calculated using the following equation with E for the PCR
reaction efficiency, C for the threshold cycle, and N representing the template concentration.




N1 /Ny = [(1+Ep) ]/ [(A+E)“] 1)

Results and Discussion
Column performance, sampling, and real-time PCR approach

The performance of the PCE/lacate continuous flow column was monitored over a 24 week
period. Prior to bioaugmentation no PCE dechlorination was detected (data not shown). A
detailed description on column setup and operation conditions is reported elsewhere
(companion paper Azizian et al. in preparation). After 150 days of operation complete
dechlorination of PCE to vinyl chloride and ethene was observed. The column experiment
was terminated after 170 days when 70 % of the PCE pumped into the column was
transformed to ethene, and only 30% left the column as vinyl chloride. No methane
production was detected in the column

during the entire experiment. T T A e
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when analyzing real-time PCR data (5, 22,
30). Absolute quantification approaches
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11, 17, 26, 29, 42, 44). So far it has not been possible to link positive PCR results to the
population abundance of different Dehalococcoides strains in situ, or to infer metabolic

activities of these microorganisms in environmental samples once their presence has been
confirmed by PCR (17, 29, 42).

Total Dehalococcoides sp. abundance

We analyzed the microbial community composition of the flow column with a focus on the
genus Dehalococcoides. Aquifer solids from the column were sampled for molecular analysis
after 170 days of column operation. The column was split in six 5 cm sections and solids of
each site were used for DNA extraction. DNA of each section served as template in real-time
PCR assays to quantify Dehalococcoides organisms on the column. 16S rRNA gene specific
primers targeting the whole genus Dehalococcoides (DehaloS05F/686R) and general
Eubacterial 16S rRNA gene primers (Eub341F/534R) were used (Table 1). Results of the
absolute quantification of Dehalococcoides sp. and total Eubacteria for each sampled location
along the column are depicted in Figure 1. Eubacterial 16S rRNA gene copies ranged from 5
_10° to 1 _ 10" per gram soil with higher numbers close to the column inlet where the
bioaugmentation culture and media had been injected (Figure 1). Dehalococcoides cell
numbers decreased slightly from about 1 _ 10® cells per gram soil in the first 5 cm to 4.5 -6
107 cells per gram of column matrix throughout the rest of the column. When expressed as
percentage of total Eubacteria, Dehalococcoides cell numbers increase from 0.5% in the first
5 cm to about 4% of all Eubacteria towards the column outflow (Figure 1).

The relative Dehalococcoides species abundance of the bioaugmentation culture was
determined by real-time PCR to be 73.5 + 6.1% of total Eubacteria prior to column
inoculation. After the 6 month of column operation the relative abundance of the
Dehalococcoides population in the upper column part agreed with an estimated 4-5% of
reducing equivalents from lactate fermentation attainable for reductive dechlorination
(companion paper Azizian et al. in preparation). This can be estimated by the occurrence of
Fe(IIl) and sulfate reduction reactions on the column which may have limited the flow of
electrons from lactate fermentation to reductive dehalogenation.

PCE and VC transformation in microcosms

We constructed microcosms from aquifer solids of each column section and measured the
initial PCE and VC transformation rates in order to approximate the in situ PCE and VC
dechlorination rates in the column. Aquifer solids from the six different vertical sections of
the flow column served as inocula. One set of microcosms was fed PCE and another set VC.
Initial reduction rates were integrated over the first 3 to 8 hours after addition of electron
acceptor. VC transformation rates were calculated from measured ethene formation in VC fed
microcosms. Using the Dehalococcoides and total Eubacterial cell numbers we calculated the
ratio of dechlorination rate per cell for each of the six column sections. The average ratio of
ethene formation per Dehalococcoides cells on the column (1.32 10" mol of CI' (copy™
day™")) was in the order of previously reported maximum VC utilization rates of 7.8 _ 10"°
“mol of CI" (copy' day™) (7). Individual ratios for each column section did not vary greatly
(factor of £ 2), indicating that members of the genus Dehalococcoides were most likely the
main VC dechlorinating organisms on the column (Figure 2 A). Notably, the ratios of PCE
dechlorination per Dehalococcoides cell were about two orders of magnitude higher than the
VC/Dehalococcoides ratios. The PCE transformation rates per cell decreased significantly
from the column inlet to the effluent (Figure 2 A). The fact that PCE reduction decreased with
distance while Dehalococcoides cell numbers were equal or less variant indicated that
Dehalococcoides was not the main PCE transforming microorganism in the system. On the
contrary the relative Dehalococcoides cell numbers increased with distance due to continued
VC dehalogenation.



In general ratios of dechlorination rates to total Eubacterial cell numbers were lower than
ratios based on the Dehalococcoides population size (Figure 2 B) because the total
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Figure 2. Ratio of dechlorination rates per cell in the flow column [ _mol CI' _copy™ _ day™]. A. Ratio of PCE (black dots)
and VC (white dots) dechlorination rates to Dehalococcoides sp. cell numbers. B. Ratio of PCE (black dots) and VC
(white dots) dechlorination rates to total Eubacterial cell numbers.

Eubacterial community included many other microorganisms besides PCE dehalogenators.
The lactate fermenting fraction of the Eubacterial community is supplying the electron donor
for PCE dechlorination which results in a direct correlation, between lactate utilization and
PCE reduction. Both processes proceeded simultaneously leading to a fairly good correlation
between PCE dehalogenation and Eubacterial cell numbers (Figure 2 B).

Yu et al. (2005) conducted kinetic studies with the Evanite culture to evaluate inhibition of
reductive dechlorination by chlorinated ethenes (55). They found that higher chlorinated
ethenes inhibited the reductive dechlorination of the less chlorinated ethenes. VC
dechlorination to ethene in the column is therefore strongly inhibited by the presence of TCE
and cis-DCE. We observed a similar effect in the PCE amended microcosms in which VC and
ethene formation was two orders of magnitude lower than ethene formation in the VC
amended microcosms (companion paper Azizian et al. in preparation). However the VC
formation rates measured in the PCE microcosms did not correlate with Dehalococcoides or
Eubacterial cell abundance and distribution on the column. On the other hand VC reduction
rates in the VC amended microcosms were highest in the first 5 cm indicating that in the
absence of inhibitory PCE, TCE, and/or cis-DCE, VC dechlorination activity is restored (data
not shown).

In general, microcosm studies and continuous flow column performance are only indirectly
comparable. In microcosms, chlorinated compounds, electron donor, and micronutrients are
added on a periodic batch basis. These conditions are very different from those existing under
continuous flow operation. In microcosms, conditions are spatially homogeneous and
changing over time, while continuous flow systems mimic more environmentally relevant
conditions found at contaminated field sites that tend to vary spatially.

Relative quantification of process-specific rDH genes

In order to quantify gene abundance and expression of strain-specific, functionally well
characterized reductive dehalogenase genes in different sections along the column profile, we
designed specific primers for three reductive dehalogenases that have been identified as key
enzymes in the complete dechlorination of TCE and VC to ethene. The primers targeted the
vinyl chloride reductase of Dehalococcoides strain VS (verA880F/1018R) (37), the vinyl
chloride reductase of Dehalococcoides strain BAV1 (bvcA277F/523R) (23), and the TCE
reductase (DET0079) of Dehalococcoides strain 195 (tceA511F/817R) (31). The
tceAS511F/817R primers pair also targeted the TCE reductases of Dehalococcoides strain FL2,
and bacterium PM-VCI1, RC-VC2, and YK-TCEI (Table 1).

All primers were tested on genomic DNA from Dehalococcoides strain VS under real-time
(RT)-PCR conditions. Only the use of the vcrd-specific primers resulted in product



amplification using strain VS genomic template DNA, proving the high degree of primer
specificity towards the respective rDH genes (data not shown).

The primer pairs tceAS11F/817R, verA880F/1018R and bvcA277F/523R were used in
individual real-time PCR experiments with template DNA obtained from different flow
column sections to study the relative abundance of the different reductive dehalogenases
genes in the column. Results were summarized in Figure 3. The reductive dehalogenase gene
abundances are displayed relative to the total Dehalococcoides 16S TRNA gene copies present
n each section. Calculating the ratio of rDH genes to Dehalococcoides 16S IRNA genes is
sensible because both genes appear as single copies in the genome of Dehalococcoides
species. vcrA, bvcA, and fced gene abundance showed divergent but systematic trends within
the Dehalococcoides populations of each column section and across the columns vertical
profile. Dehalococcoides strains possessing a
bvcA-type vinyl chloride reductase increased

from about 2% close to the inflow port to about
60-70% of all Dehalococcoides at the outflow of F
the column. Dehalococcoides strains possessing a
verA-type vinyl chloride reductase showed a

more uniform distribution along the column
maintaining a relative abundance of 15 to 20% in E
the first 20 cm of the column before dropping to

about 5% of all Dehalococcoides at the column

end. Dehalococcoides strains possessing a TCE
reductase of the f7ced-type decreased in D
abundance from about 3.5% to less than 0.5%

near the column outflow (Figure 3).

The detection frequency of Dehalococcoides
subspecies carrying one or the other tDH gene C
targeted in this study increased from about 25%

of the total Dehalococcoides population to more

than 70% with increasing distance from the
column inflow. The fraction of the B
Dehalococcoides population possessing a vinyl
chloride reductase comprised two third of all
Dehalococcoides species 25 to 30 cm from the
column inflow. Interestingly, there seemed to be
spatial heterogeneity in the distribution of verA4-
and bveA-possessing Dehalococcoides. Whereas
the vcrAd-type containing Dehalococcoides
microorganisms seemed to be present at high
PCE/lactate concentration conditions near the

outflow
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Figure 3. Relative abundance of three process-
specific reductive dehalogenase genes expressed as
percentage of Dehalococcoides sp. 16S tRNA gene
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20 em; E 25 em: and F 30 em.



spatially separated locations. Dehalococcoides subpopulations possessing a verd- or bveA-
type reductive dehalogenase might have different VC dechlorinating-phenotypes that drive
niche specialization. Subspecies community analysis using functional rDH gene markers
revealed spatial differences in Dehalococcoides strain distribution indicating a level of
diversity beyond the 16S rRNA gene resolution.

rDH expression profiles

Whereas functional rDH gene marker may only provide information on the genetic capacity
or phenotypic potential of Dehalococcoides genotypes in situ, direct mRNA quantification
provides insights into the metabolic activity of different Dehalococcoides subpopulations. We
analyzed the relative mRNA abundance of the three described rDH genes along the column to
verify whether the observed spatial distribution of Dehalococcoides genotypes 1s reflected in
a spatial rDH gene expression pattern.

Total RNA was extracted from each column section and reverse transcribed mto cDNA. The
cDNA served as template in quantitative real-time PCR assays to investigate expression of the
target rDH genes. To check for DNA contamination in the total RNA preparations we omitted
the cDNA synthesis step and performed real-time PCR reactions on the purified RNA. No
product amplification was observed in all 6 environmental RNA preparations as documented
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Figure 4. RT-PCR using verd gene specific primers and total RNA extracted from different regions of the flow column. +
reverse transcription performed with reverse transeriptase; — reverse transeription performed without reverse transeriptase:;
PC, positive control using Dehalococcoides strain VS genomic DNA: NC, negative control with no template added.
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numbers (Figure 1) but only less than 25% of the Dehalococcoides organisms in this region
contain one of the targeted, functionally known rDH genes (Figure 3 A). Likewise expression
of all three studied rDH genes is comparably low in this section (Figure 5). This may suggest
the contribution of either Dehalococcoides or non-Dehalococcoides species that possess so far
functionally unknown rDH genes with PCE dechlorination activity to the overall high
dechlorination rates observed in the first 5 cm (Figure 2). To fully understand the complex
process of chloroethene reduction in the environment it is therefore important to further
isolate and biochemically characterize the enzymes encoded by rdhs to provide more suitable
targets for the evaluation of bioremediation using molecular tools.

Comparison of rDH gene abundance and expression in all column sections suggests
differences in rDH gene regulation. Figure 5 shows variations in relative gene expression for
all three reductive dehalogenases with increasing distance from the column inflow. Despite a
relative verA gene abundance of 15.6 + 2.2% in the first 5 cm almost no verA expression was
detectable in this region. Column conditions in the first 5 cm seem to negatively affect ver4,
bvcA, and tceA expression in general because all three rDH genes showed relatively low
expression in this section. Most likely PCE concentrations near the column inflow selectively
affected expression of genes coding for reductive dehalogenases with substrate specificity for
lesser chlorinated ethenes (55). Relative bvcA gene expression in the 10 cm section is more
than twice that high as in the 15 cm section whereas bvcA possessing Dehalococcoides cells
double in relative abundance from about 12.5 + 2.0% to 25.0 £ 4.1% 10 to 15 cm from the
column inflow (Figure 3 B,C and 5). The highest relative bvcA expression was measured at 25
cm from the column inflow port. Relative to the increased bvcA gene abundance this
translates into a 2 fold induction over the observed expression at 10 cm and a 4 fold induction
over the measured expression at 15 cm (Figure 5). Despite the low abundance of tceA-
possessing Dehalococcoides the overall tced expression is about 10 times higher than that of
both vinyl chloride reductases in every column section. The only exception is the 30 cm
section where bvcA-containing Dehalococcoides dominate in cell number and gene activity.
Johnson, et al. (2005) studied the expression of the fce4 gene from Dehalococcoides sp. strain
195 in a Dehalococcoides-containing microbial enrichment cultures and reported constitutive
tceA expression independent from chlorinated ethene concentration, hydrogen concentration,
or the presence of alternate bacterial electron acceptors (20, 21). No putative regulatory genes
have been found in close proximity of the described TCE reductase gene (#ce4) in the genome
of Dehalococcoides sp. strain 195 (47). However, our data explicitly suggests spatial
differences in fced gene expression on the flow column. Under continuous flow conditions
gene expression of tceA-containing Dehalococcoides subpopulations differs from what has
been reported based on lab culture observations of strain 195. We designed our tce4 primers
to target not only the TCE reductase of strain 195 but also highly similar zce4-like genes in
other Dehalococcoides strains (Table 1) for which constitutive gene expression has not been
shown in lab cultures yet. The complex interplay of biotic and abiotic factors under which
reductive dehalogenation is occurring in a continuous flow system may result in more
complex yet not fully understood spatial gene regulation patterns as opposed to what has been
found in batch culture studies. Recently, Rahm et al. (2006) reported differences in RDase
gene expression between pure and mixed cultures. They found that the expression of a
putative rdh (DET1545) from Dehalococcoides ethenogenes strain 195 increased about 5 fold
in mixed culture compared to its relative expression in pure culture (40). These and the results
shown in this study emphasize the importance of how continuous flow systems that simulate
refined conditions at contaminated field sites can contribute to a more differentiated
understanding of the distribution and activity of Dehalococcoides subpopulation in situ.



Conclusions

Recent studies have proven that natural attenuation and bioremediation of chlorinated organic
hydrocarbons can be applied at field sites but also showed that effective technology
implementation depend on a comprehensive understanding of the regulatory mechanisms and
cellular responses to changes in environmental conditions affecting contaminant degradation
in situ (3, 4, 8, 11, 13, 17, 18, 33, 36, 41, 52). Functional rDH marker genes provide
promising targets to complement existing 16S rRNA gene-based approaches to more
comprehensively describe a chloroethene dechlorinating Dehalococcoides community. We
identified Dehalococcoides subpopulations containing either a verd or bvcA-type vinyl
chloride reductase gene and demonstrated that under continuous flow condition these
subpopulations enrich at separate locations along the column. Although both subpopulations
are functionally similar in terms of their ability to dechlorinate VC they occupy different
ecological niches. Furthermore, quantification of gene expression of reductive dehalogenases
known to catalyze the dechlorination of TCE and VC in sifu revealed remarkable changes in
the dechlorination activity along the column. The change in gene expression along the vertical
profile of the flow column can not be explained by the distribution of total Dehalococcoides
cells or individual Dehalococcoides subpopulations. Therefore we conclude that species
abundance, while important, is not adequate by itself for the evaluation of bioremediation.
However, investigating gene regulation and activity of Dehalococcoides subpopulations in
relation to changing environmental gradients will deepen our knowledge on how these
microorganisms can efficiently be used for chlorinated solvent removal in the future. A broad
understanding of the complex interplay of parameters that lead to a functionally stable
dechlorinating microbial community is a prerequisite for critical evaluation of
bioaugmentation and remediation projects.

References

1. Adrian, L., U. Szewzyk, J. Wecke, and H. Gorisch. 2000. Bacterial
dehalorespiration with chlorinated benzenes. Nature 408:580-583.

2. Agency, U. S. E. P. 1991. Volatile Organic Compounds in Water By Purge and Trap
Capillary Column Gas Chromatography with Photoionization and Electrolytic
Conductivity Detectors in Series. Environmental Monitoring Systems Laboratory,
Office of Research and Development.

3. Aulenta, F., A. Bianchi, M. Majone, M. Petrangeli Papini, M. Potalivo, and V.
Tandoi. 2005. Assessment of natural or enhanced in situ bioremediation at a
chlorinated solvent-contaminated aquifer in Italy: a microcosm study. Environ. Int.
31:185-190.

4. Becker, J. G. 2006. A Modeling Study and Implications of Competition between
Dehalococcoides ethenogenes and Other Tetrachloroethene-Respiring Bacteria.
Environ. Sci. Technol. 40:4473-4480.

5. Corless, C. E., M. Guiver, R. Borrow, V. Edwards-Jones, E. B. Kaczmarski, and
A. J. Fox. 2000. Contamination and Sensitivity Issues with a Real-Time Universal
16S rRNA PCR. J. Clin. Microbiol. 38:1747-1752.

6. Cupples, A. M., A. M. Spormann, and P. L. McCarty. 2004. Comparative
evaluation of chloroethene dechlorination to ethene by Dehalococcoides-like
microorganisms. Environ. Sci. Technol. 38:4768-4774.

7. Cupples, A. M., A. M. Spormann, and P. L. McCarty. 2003. Growth of a
Dehalococcoides-like microorganism on vinyl chloride and cis-dichloroethene as
electron acceptors as determined by competitive PCR. Appl. Environ. Microbiol. 69.

8. Drzyzga, O., E. L. M. R, S. N. Agathos, and J. C. Gottschal. 2002. Dehalogenation
of Chlorinated Ethenes and Immobilization of Nickel in Anaerobic Sediment Columns
under Sulfidogenic Conditions. Environ. Sci. Technol. 36:2630-2635.



10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

Duhamel, M., K. Mo, and E. A. Edwards. 2004. Characterization of a Highly
Enriched Dehalococcoides-Containing Culture That Grows on Vinyl Chloride and
Trichloroethene. Appl. Environ. Microbiol. 70:5538-5545.

Ellis, D. E., E. J. Lutz, J. M. Odom, R. J. Buchanan, and C. L. Bartlett. 2000.
Bioaugmentation for Accelerated In Situ Anaerobic Bioremediation. Environ. Sci.
Technol. 34:2254-2260.

Fennell, D. E., A. B. Carroll, J. M. Gossett, and S. H. Zinder. 2001. Assessment of
indigenous reductive dechlorinating potential at a TCE-contaminated site using
microcosms, polymerase chain reaction analysis, and site data. Environ. Sci. Technol.
35:1830-1839.

Grostern, A., and E. A. Edwards. 2006. Growth of Dehalobacter and
Dehalococcoides spp. during Degradation of Chlorinated Ethanes. Appl. Environ.
Microbiol. 72:428-436.

Harkness, M. R., A. A. Bracco, M. J. Brennan, K. A. Deweerd, and J. L. Spivack.
1999. Use of bioaugmentation to stimulate complete reductive dechlorination of
trichloroethene in dover soil columns. Environ. Sci. Technol. 33:1100-1109.

He, J., Y. Sung, R. Krajmalnik-Brown, K. M. Ritalahti, and F. E. Loffler. 2005.
Isolation and characterization of Dehalococcoides sp. strain FL2, a trichloroethene
(TCE)- and 1,2-dichloroethene-respiring anaerobe. Environ. Microbiol. 7:1442-1450.
He, J. Z., K. M. Ritalahti, M. R. Aiello, and F. E. Loffler. 2003. Complete
detoxification of vinyl chloride by an anaerobic enrichment culture and identification
of the reductively dechlorinating population as a Dehalococcoides species. Appl.
Environ. Microbiol. 69:996-1003.

He, J. Z., K. M. Ritalahti, K. L. Yang, S. S. Koenigsberg, and F. E. Loffler. 2003.
Detoxification of vinyl chloride to ethene coupled to growth of an anaerobic
bacterium. Nature 424:62-65.

Hendrickson, E. R., J. A. Payne, R. M. Young, M. G. Starr, M. P. Perry, S.
Fahnestock, D. E. Ellis, and R. C. Ebersole. 2002. Molecular Analysis of
Dehalococcoides 16S Ribosomal DNA from Chloroethene-Contaminated Sites
throughout North America and Europe. Appl. Environ. Microbiol. 68:485-495.
Hohnstock-Ashe, A. M., S. M. Plummer, R. M. Yager, P. Baveye, and E. L.
Madsen. 2001. Further biogeochemical characterization of a trichloroethene-
contaminated fractured dolomite aquifer: Electron source and microbial communities
involved in reductive dechlorination. Environ. Sci. Technol. 35:4449-4456.
Hoélscher, T., R. Krajmalnik-Brown, K. M. Ritalahti, F. von Wintzingerode, H.
Gorisch, F. E. Loffler, and L. Adrian. 2004. Multiple Nonidentical Reductive-
Dehalogenase-Homologous Genes Are Common in Dehalococcoides. Appl. Environ.
Microbiol. 70:5290-5297.

Johnson, D. R., P. K. H. Lee, V. F. Holmes, and L. Alvarez-Cohen. 2005. An
Internal Reference Technique for Accurately Quantifying Specific mRNAs by Real-
Time PCR with Application to the tce4 Reductive Dehalogenase Gene. Appl. Environ.
Microbiol. 71:3866-3871.

Johnson, D. R., P. K. H. Lee, V. F. Holmes, A. C. Fortin, and L. Alvarez-Cohen.
2005. Transcriptional Expression of the fce4 Gene in a Dehalococcoides-Containing
Microbial Enrichment. Appl. Environ. Microbiol. 71:7145-7151.

Klappenbach, J. A., P. R. Saxman, J. R. Cole, and T. M. Schmidt. 2001. rrndb: the
Ribosomal RNA Operon Copy Number Database. Nucleic Acids Res. 29:181-184.
Krajmalnik-Brown, R., T. Holscher, I. N. Thomson, F. M. Saunders, K. M.
Ritalahti, and F. E. Loffler. 2004. Genetic Identification of a Putative Vinyl Chloride
Reductase in Dehalococcoides sp. Strain BAV1. Appl. Environ. Microbiol. 70:6347-
6351.



24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Kube, M., A. Beck, S. H. Zinder, H. Kuhl, R. Reinhardt, and L. Adrian. 2005.
Genome Sequence of the chlorinated compound-respiring bacterium Dehalococcoides
species strain CBDB1. Nature Biotechnol. 23:1269-1273.

Last, G. V., R. J. Lenhard, B. N. Bjornstad, J. C. Evans, K. R. Roberson, F. A.
Spane, J. E. Amonette, and M. L. Rockhold. 1991. Characteristics of the Volatile
Organic Compounds - Arid Integrated Demonstration Site. Pacific Northwest
Laboratory.

Lendvay, J. M., F. E. Loffler, M. Dollhopf, M. R. Aiello, G. Daniels, B. Z.
Fathepure, M. Gebhard, R. Heine, R. Helton, J. Shi, R. Krajmalnik-Brown, C. L.
Major, M. J. Barcelona, E. Petrovskis, R. Hickey, J. M. Tiedje, and P. Adriaens.
2003. Bioreactive barriers: A comparison of bioaugmentation and biostimulation for
chlorinated solvent remediation. Environ. Sci. Technol. 37:1422-1431.

Lindsey, K. A., and G. K. Jaeger. 1993. Geologic setting of the 100-HR-3 operable
unit, Hanford site, south-central Washington. Westinghouse Hanford Company.
Loffler, F. E., R. A. Sanford, and K. M. Ritalahti. 2005. Enrichment, Cultivation,
and Detection of Reductively Dechlorinating Bacteria., p. 77-111. In J. R. Leadbetter
(ed.), Methods in Enzymology, vol. 397. Academic Press.

Loffler, F. E., Q. Sun, J. R. Li, and J. M. Tiedje. 2000. 16S rRNA gene-based
detection of tetrachloroethene-dechlorinating Desulfuromonas and Dehalococcoides
species. Appl. Environ. Microbiol. 66:1369-1374.

Ludwig, W., and K.-H. Schleifer. 2000. How quantitative is quantitative PCR with
respect to cell counts? Syst. Appl. Microbiol. 23:556-562.

Magnuson, J. K., M. F. Romine, D. R. Burris, and M. T. Kingsley. 2000.
Trichloroethene Reductive Dehalogenase from Dehalococcoides ethenogenes:
Sequence of fce4 and Substrate Range Characterization. Appl. Environ. Microbiol.
66:5141-5147.

Magnuson, J. K., R. V. Stern, J. M. Gossett, S. H. Zinder, and D. R. Burris. 1998.
Reductive Dechlorination of Tetrachloroethene to Ethene By Two-Component
Enzyme Pathway. Appl. Environ. Microbiol. 64:1270-1275.

Major, D. W., M. L. McMaster, E. E. Cox, E. A. Edwards, S. M. Dworatzek, E.
R. Hendrickson, M. G. Starr, J. A. Payne, and L. W. Buonamici. 2002. Field
Demonstration of Successful Bioaugmentation to Achieve Dechlorination of
Tetrachloroethene to Ethene. Environ. Sci. Technol. 36:5106-5116.

Maymo-Gatell, X., Y.-T. Chien, J. M. Gossett, and S. H. Zinder. 1997. Isolation of
a Bacterium That Reductively Dechlorinates Tetrachloroethene to Ethene. Science
276:1568-1571.

McCarty, P. L. 1997. Microbiology - Breathing With Chlorinated Solvents. Science
276:1521-1522.

Morrill, P. L., G. Lacrampe-Couloume, G. F. Slater, B. E. Sleep, E. A. Edwards,
M. L. McMaster, D. W. Major, and B. Sherwood Lollar. 2005. Quantifying
chlorinated ethene degradation during reductive dechlorination at Kelly AFB using
stable carbon isotopes. J. Contam. Hydrol. 76:279-293.

Miiller, J. A., B. M. Rosner, G. von Abendroth, G. Simon-Meshulam, P. L.
McCarty, and A. M. Spormann. 2004. Molecular Identification of the Catabolic
Vinyl Chloride Reductase from Dehalococcoides sp. Strain VS and Its Environmental
Distribution. Appl. Environ. Microbiol. 70:4880-4888.

Niemet, M. R., and L. Semprini. 2005. Column Studies of Anaerobic Carbon
Tetrachloride Biotransformation with Hanford Aquifer Material. Ground Water Monit.
Rem. 25:82-92.



39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

Oelmiiller, U., N. Kriiger, A. Steinbiichel, and G. Cornelius. 1990. Isolation of
prokaryotic RNA and detection of specific mRNA with biotinylated probes. J.
Microbiol. Meth. 11:73-84.

Rahm, B. G., R. M. Morris, and R. E. Richardson. 2006. Temporal Expression of
Respiratory Genes in an Enrichment Culture Containing Dehalococcoides
ethenogenes. Appl. Environ. Microbiol. 72:5486-5491.

Richardson, R. E., V. K. Bhupathiraju, D. L. Song, T. A. Goulet, and L. Alvarez-
Cohen. 2002. Phylogenetic Characterization of Microbial Communities That
Reductively Dechlorinate TCE Based upon a Combination of Molecular Techniques.
Environ. Sci. Technol. 36:2652-2662.

Ritalahti, K. M., B. K. Amos, Y. Sung, Q. Wu, S. S. Koenigsberg, and F. E.
Loffler. 2006. Quantitative PCR Targeting 16S rRNA and Reductive Dehalogenase
Genes Simultaneously Monitors Multiple Dehalococcoides Strains. Appl. Environ.
Microbiol. 72:2765-2774.

Ritalahti, K. M., and F. E. Léffler. 2004. Populations Implicated in Anaerobic
Reductive Dechlorination of 1,2-Dichloropropane in Highly Enriched Bacterial
Communities. Appl. Environ. Microbiol. 70:4088-4095.

Ritalahti, K. M., F. E. Loffler, E. E. Rasch, and S. S. Koenigsberg. 2005.
Bioaugmentation for chlorinated ethene detoxification: bioaugmentation and
molecular diagnostics in the bioremediation of chlorinated ethene-contaminated sites.
Ind. Biotechnol. 1:114-118.

Sambrook, J., E. F. Fritsch, and T. Maniatis. 1989. Molecular Cloning: A
Laboratory Manual, 2nd ed. Cold Spring Harbor Laboratory Press, New York.
Schlotelburg, C., C. von Wintzingerode, R. Hauck, F. von Wintzingerode, W.
Hegemann, and U. B. Gébel. 2002. Microbial structure of an anaerobic bioreactor
population that continuously dechlorinates 1,2-dichloropropane. FEMS Microbiol.
Ecol. 39:229-237.

Seshadri, R., L. Adrian, D. E. Fouts, J. A. Eisen, A. M. Phillippy, B. A. Methe, N.
L. Ward, W. C. Nelson, R. T. Deboy, H. M. Khouri, J. F. Kolonay, R. J. Dodson,
S. C. Daugherty, L. M. Brinkac, S. A. Sullivan, R. Madupu, K. E. Nelson, K. H.
Kang, M. Impraim, K. Tran, J. M. Robinson, H. A. Forberger, C. M. Fraser, S.
H. Zinder, and J. F. Heidelberg. 2005. Genome Sequence of the PCE-
Dechlorinating Bacterium Dehalococcoides ethenogenes. Science 307:105-108.
Smits, T. H. M., C. Devenoges, K. Szynalski, J. Maillard, and C. Holliger. 2004.
Development of a real-time PCR method for the quantification of the three genera
Dehalobacter, Dehalococcoides, and Desulfitobacterium in microbial communities. J.
Microbiol. Meth. 5§7:369-378.

Sung, Y., K. M. Ritalahti, R. P. Apkarian, and F. E. Loéffler. 2006. Quantitative
PCR Confirms Purity of Strain GT, a Novel Trichloroethene-to-Ethene-Respiring
Dehalococcoides Isolate. Appl. Environ. Microbiol. 72:1980-1987.

Volossiouk, T., E. J. Robb, and R. N. Nazar. 1995. Direct DNA extraction for PCR-
mediated assays of soil organisms. Appl. Environ. Microbiol. 61:3972-3976.

Waller, A. S., R. Krajmalnik-Brown, F. E. Loffler, and E. A. Edwards. 2005.
Multiple Reductive-Dehalogenase-Homologous Genes Are Simultaneously
Transcribed during Dechlorination by Dehalococcoides-Containing Cultures. Appl.
Environ. Microbiol. 71:8257-8264.

Yager, R. M., S. E. Bilotta, C. L. Mann, and E. L. Madsen. 1997. Metabolic
Adaptation and in Situ Attenuation of Chlorinated Ethenes By Naturally Occurring
Microorganisms in a Fractured Dolomite Aquifer Near Niagara Falls, New York.
Environ. Sci. Technol. 31:3138-3147.



53.

54.

55.

56.

57.

58.

59.

Yoshida, N., N. Takahashi, and A. Hiraishi. 2005. Phylogenetic Characterization of
a Polychlorinated-Dioxin- Dechlorinating Microbial Community by Use of
Microcosm Studies. Appl. Environ. Microbiol. 71:4325-4334.

Yu, S. 2003. Kinetics and Modeling Investigations of the Anaerobic Reductive
Dechlorination of Chlorinated Ethylenes Using Single and Binary Mixed Cultures and
Silicon-based Organic Compounds as Slow Release Substrates. Thesis. Oregon State
University, Corvallis, Oregon.

Yu, S., M. E. Dolan, and L. Semprini. 2005. Kinetics and Inhibition of Reductive
Dechlorination of Chlorinated Ethylenes by Two Different Mixed Cultures. Environ.
Sci. Technol. 39:195-205.

Yu, S., and L. Semprini. 2004. Kinetics and Modeling of Dechlorination at High
PCE and TCE Concentrations. Biotechnol. Bioeng. 88:451-464.

Yu, S. H., and L. Semprini. 2002. Comparison of trichloroethylene reductive
dehalogenation by microbial communities stimulated on silicon-based organic
compounds as slow-release anaerobic substrates. Water Res. 36:4985-4996.

Zhao, S., and R. D. Fernald. 2005. Comprehensive Algorithm for Quantitative Real-
Time Polymerase Chain Reaction. J. Comput. Biol. 12:1047-1064.

Zhou, J., M. A. Bruns, and J. M. Tiedje. 1996. DNA recovery from soils of diverse
composition. Appl. Environ. Microbiol. 62:316-322.



